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ABSTRACT 

Thia report 18 a compilation of reprints and 

articles of certain reeearct'ee carried on at the 

Sarah IKellon Scaife Radiation laboratory, 

The University of Pittsburgh. 
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1.  I'M  JO.?, l.uiuarv !. \')S2 

Internal Conversion in Pr1", In,;\ BaU7, and Cd11"* 

w cr. KH.I.Y 
I'nktrstiy of Pittsburgh, Pittsburgh, /'tmwy/:anwt 

(Receive.! August 20, 1951) 

Beta-ray spectrometer measurements have been made of the internal conversion ratio ag/oi, for four 
nuclear transitions Value* obtained arc: 5..''id 1 for the 132 kev transition in Pr1", I.JOJbO.05, 1°2 kev, 
In"'; 4.57*0.05,362 kev, Ba'"; an<l 14±2,656 MV, (*<i"'. Tentative assignments of multipoktrity arc given. 

I. INTRODUCTION 

FROM measurements of the conversion coefficient 
for the A' shell or the ratio of the K conversion 

coefficient to the /. conversion coefficient, one can, in 
principle, obtain the multipole order of nuclear transi- 
tions and hence the spin and parity changes needed to 
establish decay schemes. However, the only reliable 
values of conversion coefficients existent are the values 
of <*K calculated by Rose el at.1 using exact relativistic 
wave functions for a wide range of energies, /. values, 
and multipole orders. KxjxT'mcnta! determinations of 
OK alone are difficult except when the decay scheme is 
known to be simple. A few methods have been proposed 
to obtain o* for a gamma-ray emitted in a complex 
decay scheme by utilizing Compton scattering2 or 
external conversion.5 In addition to the experimental 
difficulty, one faces the possibility that the interpreta- 
tion of values of o* may be ambiguous if mixtures of 
electric 2'-[>ole and magnetic 2; --pole processes occur 
in nuclides of low /..* Therefore, one would prefer to 
measure OK o/. and from the ratio to obtain an unam- 
biguous assignment of mullipolarily. For the inter- 
pretation, the ex[>erimentalist will have to await the 
exact calculation of the /. conversion coefficient, which 
is reported1 to be under way. Meanwhile, approximate 
calculations are available for tentative assignments.6~7 

In this experimental study, beta-ray spectrometer 
measurements were made of the ratio of «K '*/ for 
gamma-rays emitted by the nuclides praseodymium 
144, indium 114, barium 137, and cadmium 110. 

II. EXPERIMENTAL 

Quade and Halliday* have described the construction 
and electron optical properties of the magnetic lens 
beta-ray spectrometer used in these studies. Additional 

' Part of a dissertation submitted in partial fulfillment of the 
requirements ior the degree oi Doctor of Philosophy at the 
1,'nivcisity of Pittsburgh. 

t Assisted by the joint program of the ARC ami ONR and by 
the Research Corporation. 

1 Rose, (jocrtzel, Spinrad, Harr, ami Strong, I'hvs. Kev. 85, 7° 
(I9S1). 

• K. Siegbahn, Proc. Rov. Soc. (London) 188. 511 (19461. 
*C. D. Kllis ami t.. Aston, Proc. Rov. ,-oc. (London' 129. ISO 

(1950). 
' P. Ascl and R V. Goodrich, Navy Rc|>ort" Internal conversion 

data," private!',- circulated 
» M. II. Hctb and K. Nelson, Phvs. Kev. 58, -»86 (19105. 
«N   I.alli and I. S. Lowen. Phvs  Rev. 76, 1541 (1949). 
'S. D. Drell. Phvs. kev. 75, 132 (194?). 

K. A. Quade and I), llallidav, Kev  Sri. Instr. 19, 2.U (19J8i. 

precautions were taken in the present work to reduce 
scattering within the chamber and alignment errors. 
Antiscattering baffles were installed near the source 
and near the counter. The interior of the sjiectrotneter 
was covered with a rough coating of ceresin wax. A 
simple experiment showed that this wax reduces elec- 
tron scattering by a factor of at least two It was found 
necessary to locate the central baffle quite accurately 
so that the annular aperture at the center of the st>er- 
trometer would be uniformly wide. Failure to do this 
led to a broadening of internal conversion lines. 

For this work, a thin-window (ieiger counter was 
developed in which the beta-particles entered at right 
angles to the axis of the counter. Such a counter has the 
advantages that both ends of the central >vire are 
accessible for Hashing the wire and that the sensitive 
volume of the counter extends to the window. The 
counter showed a long term stability, a flat plateau 
(1.6 percent per 1(H) volts), and a low background (30 
counts minute). The window had an areal density of 
30 jig cm- and transmitted electrons to energies as low- 
as 5 kev. 

Thtee of the four radioactive materials were available 
at reasonably high specific activities. Cesium 137, the 
parent of barium 137, was obtained from Oak Ridge as 
cesium chloride at an activity of 1.05 mC ml and with 
total solids not exceeding 2.4 mg ml. Cerium 144 was 
obtained there also as cerium nitrate (3.06 mC nil and 
1.8 mg ml). Indiut.i 114 was produced in the University 
oi Pittsburgh cyclotron by a Cd"4(rf,«) reaction and 
cleanly separated a*, the radiochemistry laboratory of 
the Atomic Power Division, Westinghouse Klectric Cor- 
poration, by II. A. IHghtsen. Silver 110, produced at 
Oak Ridge by neutron bombardment, had a low st>ecific 
activity (3.97 mC/ml and 150 mg 'ml). The thick source 
resulting from the low specific activity caused difficulty 
in resolving the cadmium 110 conversion lines. The 
sources were prepared by de[>ositing a minimal amount 
of the concentrated radioactive solution upon an 
aluminum backing of thickness 0.00025 inch. Average 
areal densities of the sources weie obtained by weighing. 
The areal density of the cerium, indium, and cesium 
sources was about 0.1 mg 'cm-. That of the silver source 
was 10 mg cm*. 

Data were taken automatically.' Knough counts were 
recorded that the statistical error associated with each 

» W  f. Kelly and K J  Mctzgar, Rev. S. i. Instr 22, 665 ,1051). 
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K.c. I. The electron spectrum of (V— 1'r1" in the region of the 
conversion peaks of liv 132-kev Ram ma ray of i'r"1. \(Up . the 
numher of electrons per unit time per cr.it momentum interval, is 
plotted against the electron momentum in arbitrary units 

experimental j>oint did not exceed two |>crrent except 
where the curves approached the background level. 

III. RESULTS 

A. Praseodymium 144 

A portion of the electron spectrum of cerium 144- 
praseodymium 144 is shown in Fig. 1. To obtain the 
conversion peaks of the gamma-ray at 132 kev, it was 
necessary to subtract the continuous spectrum from the 
total curve. This was done by making a Fermi plot for 
cerium and with its help reconstructing the continuous 
spectrum at the conversion peaks By subtraction of 
the continuous spectrum, the conversion peaks of Fig. 2 
were obtained. The spread of the A peak is 4 percent. 
The low energy portion of each line is approximately 
existential, a measure ot the degradation of the 
energy of the electrons as they leave the source. In 
addition to the e.\|>erimental evidence of Fig. 2, there 
seems to be theoretical justification10 for regarding this 
portion of the curve as cx[>oncntial. An exponential 
curve has been fitted to the A peak to extend it to ;he 
momentum axis through a region of the total curve 
w here o'hrr conversion lines are present. An exponential 
curve fitted to the /. peak extended it to the momentum 
axis. The correction to the high energy side of the A 
peak was negligible. The ratio of the areas under the 
peaks gave aK '«/.-5.3±0.1. 

The (.•(inverted gamina-r.i/ must be ascribed to 
praseodymium 144. Best agreement for the energy of 
of the gamma-ray is obtained by adding to the energies 
of the A' and /. conversion electrons the binding energies 
for praseodymium. Critical absorption experiments were 
carried out using aqueous solutions of barium and 
cesium ;-.s absoibers. The absorption data showed con- 

'* G. I'. Owen, private communication. 

clusively the presence of >:-rays whi«h could be either 
praseodymium An or ncodymium A'Q. Knergy con- 
siderations make it likely that it is I he I inner. This 
assignment agrees with thai by Kmmeri' h ••/ i»'.'; 

The experiment value of 5..1 to. I for<i» u,- indicates 
an electric quadripole radiation if one uses the non- 
rciaiivistic calculations of Held) and Nelson.4 Their 
results give the following conversion ratios: E 2' pole, 
8.4; E 2*-poie, 4.5; E 2J-pole, 1.2. Kmmerich rt <;/." 
report an approximate value of 7 for a* «/.. 

B. Indium 114 

Conversion peaks for the 192-kev gamma-ray of 
metastable indium 114 are shown in Fig. 3. The spread 
is 3.3 percent. The contribution of the 2.05-Mev beta- 
group to the electron intensity at this energy is neg- 
ligible. 

Separation of the two peaks for purposes of plani- 
metry was effected by a method involving successive 
approximations to the separate curves. First, a gaussian 
curve1" was fitted to the high energy side of the A peak. 
By subtracting this curve from the total curve between 
the two |>eaks, one could decide how to continue the /. 
|>eak in an exponential. The exponential pinion of the 
I. [>eak was then subtracted from the total curve to 
give a second approximation to the high energy (xirtinn 
of the A [>eak. 

UK'ai. was found to be 1.30+0.05 and indicates 
either an electric 24-|>oleoran electric 2i-polc transition. 
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F:<;. 2. The conversion electrons i>i trie \M kev gumma-ray of 
I'r". Circle* show ihc experimental points, squares show points 
on the calculated exponential curves. 

" Kmmerich, John, and Kur»>atov, Pl-.ys. Kev. 82, %S .1051'. 
11 The line shape of a magnetic lens spectrometer can he ap 

proximatcd quite veil liv a skewed gaussian curve. Sec Van Atta, 
Warshaw, ('hen, and Tainvjly, Rev Sci. Instr. 21, 985 (1°5<>\ 
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llebb and Nelson give the following values: /•.' 2'-polc, 
1.7, E 2i-|x>lc, 0.9. Lawson and Cork" report a value 
of 1.Or 0.1 for '>x c;.. Hochni and Prciswerk'"' give 
1.1 -»-d. 1, and KiefTen'4 rc|>orts 1.H)-H<05. 

C. Barium 137 

Figure I shows the K and /. - .1/ conversion |>eaks of 
the 662-kev gamma-ray of metastable barium 137. The 
spread of the A" line is 1.4 |>ercvnt. A value of 4.57±0.05 
is found for »K «..••' in good agreement with the result 
<*K oii.ii — 4.5-1 obtained by Linger." Mitchell and 
Peacock17 report the value 4.8 for <«*,• <«,-, and Qsoba" 
finds a* or;.-5.0. Tentatively, one may assign a multi 
polarity of electric 21 to the transition. It must be 
emphasized, however, that the nonrelativistic theory 
may be considerably in error at this energy. 

D. Cadium 110 

Cadmium 110 is the daughter nucleus by negatron 
emission of silver 110. The A' and l.-M conversion 
peaks of the 656 kev gamma-ray of cadmium 110 have 
beet, measured with a line spread of 3.7 percent. The 
peaks were separated by the procedure referred to 
above. However, a correction must be applied to the 
l.-M pc-.ik to correct for the presence of A." conversion 
electrons due to a gamma-ray of energy 676 kev whose 
A' peak is superim]>osed (within 2 kev) ujxin the /.    M 
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* 1„ M. I ..inner, private toir.inuriifalio:-.. 
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]H-ak of the 656-kev gamma-ray. The 676-kev line was 
discovered by Sicgbahtr" in studying the photoclectron 
sjiectrum of these radiations in a lead converter. Three 
lines in the spectrum '676 kev. 705 kev, 75'' kev) have 
about I he same photoelectric intensities. Siegbahn con- 
dudes that the- gamma intensities are probably about 
the same ii|x>n the assumption that the lines are of the 
same multipole order. On this basis, the conversion coef- 
ficient should be approximately the same, and the A* 
peak of the 706-kev line should approximate that of 
the 676-kev Ime, The A.' peak of the 706-kev line can be 
readily measured. Alter applying this plausible, al- 
though certainly not rigorous, correction, «,v <•.-./ was 
found to be Mr 2. 

This result indicates electric dipolc radiation accord- 
ing to the calculations of llebb and Nelson. However, 
the difficulties introduced by the source thickness, the 
approximate nature of the correction for the interfering 
line, and the nonrelativistic theory used reduce the 
certainly of the assignment. 

By two independent meatis, Siegbahn" has found OK 

for this line to be 2.5X10 \ The precise theory shows 
that this is consistent with either electric or magnetic 
dipolc radiation. 

The author would like to acknowledge the support 
and encouragement given him by Drs. I). Il.dliday, 
A. J. Allen, and G. K. Owen. Mr. Kenneth Metzgar 
assisted with the instrumentation. Nlr. Samuel Broiler 
prepared tables of the Fermi function. 

K   Hi.-i^>a!i:i. I'hvs. Rrv. 77 \S\   1«»>0 
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Nuclear Energy Levels of Al:7f 

i;  M. Ritu.i\." A   |   Autv, [  S  Auni! K. R  S   Hi sot R, K   I.   K»v.{ \NI> !1   I  HACSMAM 
I'm.-nil: of Pifl'hiit -it, Pitl\hur~'i ,'•*. ."tiiHiylutniit 

iKccei\ed February 18, 1**52 

Twenty rncrgj level* in Ac' have SUM found In (he magneli( analysis of tm l.i-'ii ail\ -catlrred protons 
at 90" from *hif, t.tgrts "f aluminum \:i analyzed 'ram of 8 t) Mcv protons A as utilized for I he bombard- 
ment. Tentative values for ih«- levels found an OR44. ; 016. 2 25'), J .782, .< nir,. .? 7.tc. 1 (US. 1 |J5. t 47.;. 
4 575. 4 647. 4 875. 4 'W6, 5 107. 5 220, 5.541, 5 MM. 5 5o.\ 5 620, 5 756 Mcv A broad alpha particle group 
from (he AI'*(^.«»)MR" reaction corresponding to an excited Male of Mg:i "31- also observed and is believed 
to be complex. 

w 
INTRODUCTION 

ILKF.XS and Kucrti1 - were the first In re|H>rt 
on the measurement of the energy !<•• els of 

aluminum by observation of inelastic scattering of 
protons. Since then, additional studies of this same 
nucleus have been made by several observers both by 
inelastic scattering exj>eriments' s and by other nuclear 
reactions.'"1 In the cxfieriment to be described, a large 
magnetic sjH'Ctrometcr was utilized for the measure 
ment of energy of charged particles emitted fiom an 
aluminum foil target bombarded -.\itii a beam of mag- 
netically analyzed 8-Me.v protons. 

APPARATUS 

Details of the apparatus have been published else- 
where.'1 The proton beam was produced by the 47-inch 
University of Pittsburgh cyclotron. A large focusing 
magnet, placed abott' seven feel from the cyclotron 
vacuum tank, focused the beam on the entrance slits 
of a beam analyzer magnet which was located in a.i 
adjacent room. An eight-foot thick shielding wall 
separated this room from the cyclotron chamber. After 
traversing the beam analyzer field the beam was 
limited by stops to an angular extent of ±3 degrees 
horizontally and passed through a final analyzer slit, 
,'j inch wide and I inch high which limited the beam 
energy spread to 2(1 kev. Targets were plated at the 
(enter of a large scattering chamber at a distance of 
1.75 inches from the final beam analyzer slit. 

A Inrge '>() -sector magnetic spectrometer was posi- 
tioned at an angle of W* with  resfiecl  to the beam 

t Work done in the Srtrah Mellon Scaife Radiation laboratory 
and assisted by the joint program of the OXR, AK(", and the 
Research Corporation. 

* Now at Camp Kvars Signal Laboratories, ll.-lmar. New Jer"   . 
J Now .it Wcstinghouse Alomii Power Division, hvttis Iield, 

Pittsburgh. Pennsylvania. 
'T. K. Wilkcn', and ('•  Kucrti. Phvs. Kev. 57, 1082   1940* 
»T. R   VVilkens, Phvs. Rev  60. 565 (|"4lt 
-K. H. Duke and J. Marshal!. I'hvs   Rev  59. 914 (1941 >. 
' K   M   Maine. I'll I'  thesis, t'nivcrsitv of Kodiesler    1948. 
» K. H. Rh<Kicrick, Proc. Row Six. -. London • 20!. MH tl950i. 
'H'.-llev. Sampson, an! Mitchell, I'hvs. Rev   76, f»j4 t l'>4'> . 
'H. W." Fulling!'! and R   R   Hush. Ph.s. Rev. 74. 1525 iPW . 
•K. K. Keller. I'hvs. Rev   84, S84 i 19511. 
» Swa.in. Mandeville. and White.head, Pie.; R- \  79. 598 .I<>50\ 
>* VanPattcr, Spercluto. and Knge, Phys   Rev   S5, 212 (195|.. 
" Bender, Reilley, Allen. Ely, Arthur, and Hausman, Rc% St. 

lnsir. Mo l>e published'. 

center. Charged particles emitted from the target were 
focused by this magnetic lens on a scintillation screen 
mounted external to the vacuum system. A 0.1-mil 
nickel foil served as the window. Slops were provided 
to limit the angular aj>erlurc to i^_2 with res^t to 
the center lino of the system. 

Fteh! excitation currcn's for the three magnets were 
obtained from motor generator sets which were elec- 
tronically stabilized. 1 he magnetic field of the beam 
focusing magnet was adjusted so as to yield maximum 
beam on the entrance slit of the beam analyzer. The 
magnetic fields in the beam and particle analyzers were 
measured by means of the proton magnetic resonance 
method15 to one part in 10,000 and were continuously 
monitored during the experiment. Target beam currents 
of 0.5 to 1.0 mi(Toampercs were obtained. 

In order to provide uniform bombardments, an 
insulated Faraday cup was placer] behind the target so 
as to collect the beam. This emi was connected to a 
precharged polystyrene condenser, the potential of 
which, was monitored by means of a Lindeman-Ryerson 
electrometer. A switching arrangement was provided so 
as to permit termination of the counting perhxl when 
the electrometer indicated zero potential. 

Scintillation counters consisting of a phosphor screen 
and either an RCA ty|x- 5S19 or an KM I 5.111 photo- 
multiplier tube were used as particle detectors. Rather 
thick layers of silver-activated zinc sullide deposited on 
glass slides from alcohol-water suspensions were found 
to be satisfactory for initial survey work. These had 
adequate sensitivity for both alpha-particles and 
protons and vet were comparatively insensitive to the 
gamma-ray background. 'Thin deposits of this same 
phosphor were found to be useful in obtaining dis- 
ci imina'ion in counting alpha-particles in the presence 
of undesired protons. A sclsyn-controlled absorption-foil 
shutter was mounted immediately in front of the scin- 
tillation screen so that alpha-parti* les could be stop|ied 
when desired. This shutter carried a mini! er of alu- 
minum foils of different thickness. Pulses pom the 
photomulliplicr lube were fed by a cathode follower 
through a long matched coaxial line to a separate room 
and further amplified by a Jordan ami Hell typo linear 

15 R V. Pound and W. D. Knight, Rev Sri In<tr. 21, 219 
11950.1. 
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Fio. 1. S|K-<trum of magnetically analyzed particles obtained at 
90° and Al!: bombarded by 8-Mrv protons. 

amplifier. The amplified pulses were fee] into three pulse- 
height discriminators, each set at a different level and 

connected   to  a  separate  scaling circuit.  This ..i, 

counting arrangement permitted crude pulse-height 
analysis to he made and indicated whether protons, 
deuterons, or alpha-partii les were being counted during 
initial searches (or charged particle groups. 

CALIBRATION 

The spectrometer was calibrated by using alpha- 
par! ides from a poloni'im deposit on a nickel plate 
which was inserted in the normal target position. The 
Up value assumed for these particles was 3.3159X10* 
gauss-cm13 which corresponds to an energy of 5.298 
.-Hi.(X)2 Mev. Since the magnetic fields were always 
measured in terms of the frequency of proton magnetic 
resonance, the spectrometer constants were calculated 
in terms of frequency. The spectrometer constant1' for 
alpha-partides (('„) was found to he (1.0363±0.002) 
X10"" Mcv-scc*, and the constant for protons (('p' 
was found to l>e (1.0292±0.002)X10-'< Mcv-Scc5. 
Group energies calculated from these constants and 
from the magnetic resonance frequencies corresix>nding 

"VanPalter, Rpcrduto, Huang, iv.rait, and Buechner, I'hys 
Rev. SI. 233 (1951). 

to the centers  >f the groups were corrected for energy- 
loss in the target and for relativistic shift. 

RESULT? 

A spectrum obtained from the bombardment of a 
0.14 me cm* foil target is shown in Tig. 1. Spcctroscopi( 
analysis showed that there was less than 0.1 ncrcent of 
Na, Cu, and Fe in the target. Twenty inelastic proton 
groups were observed, nineteen ap|>earing in this par- 
ticular run. Two alpha-particlc groups from the Al-7 

f/>,«)Mg;< reaction corresponding to excitation of the 
1.38-Mev and 4.14-Mev levels in Mg-' were found. These 
two are labelled "r" and "t"§ in the figure. Carbon 
deposits which formed during bombardment con- 
tributed another proton group which docs not appear 
in Fig. 1 since these data were obtained immediately 
after a (lean target was inserted. The proton group "</'' 
was superimposed on the alpha-group "c" and was 
isolated by insertion of a 10 mg-'em* absorbing foil 
between the spectrometer exit-slit and scintillation 
detector. 

The energy resolution obtained for these- groups was 
about one percent. The width of the groups was at- 
tributed to several sources: (1) the proton beam had a 
half-width of 20 kev; (2) the angular acceptance of the 
siH-ctrometcr plus the angular divergence of the beam 
contributed 45 kev to the width of ft Mev: (3) the finite 
resolution of the spectrometer (,'fi-in. source and exit 
slit widths'i contributed 31 kev to the width a! ft Mev. 

The measured line shapes were quite good fits to a 
normal distribution function and exhibited little asym- 
metry. A| \cation of Pearson's chi-scmare test to the 
data for live of the most intense inelastic groups resulted 
in an average probability of 0.5 for the normal dis- 

TABW I. Energy levels of aluminum. 

I*ri"-pn', AMiurite; and Shorn: »krf 
UnT* ILi: .-r Krlkt c;.:! VanPattrt 

0.844 0.84 082 0.86 
1.016 1 02 

1 85 
0.97 1.045 1.02 

2 25<> 2.15 2.39 2225 2.12 
2.782 2.78 2.75 2.72 
3046 5.04 3 17 
3.736 3.7 
4018 
4 115 
4.47.? 4 5 
4.575 
4.647 4.71 
I 875 
4.996 
5.107 
5.220 
5.541 5.3 
5.501 
5.565 
5 620 
5.756 5 8 5.76 

§ Xolf added in proof- Subsequent investigations have shown 
peak ":'" lo U- a doublet, corresponding to levels in Mg*4 al 4.11 
and 4 21 Mev. 
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tribution. Since a chi-s-ouare probability of 0.01 is con- 
sidered satisfactoryv' the lines were assumed to be 
normal in shajx?, ami line renters were determined from 
the computed "best-tit" curves. 

The energy levels determined for AT7 are show;, in 
Table I and. Fig. 2. The probable errors in these have 

been estimated as bcingO.020 Mev from the uncertainty 
iii determination of the group centers and from the 
uncertainty >n the calibration constant. In Table I 
the levels listed by Alhurgcr and Haftier,11 which were 
the result of a literature survey covering the work 
reported before 1'A'O, arc c,iven, atang with more recent 
data reported by Keller,'1 by Van Fatter, Sperduto, ati<l 
Knge,'5 and by Shoemaker, Faulkner, Bouricsus, Kauf- 
mann, and Mooring." It will be p.oted that in this 
experiment no scattering was observed corres|>otHling 
to excitation of the l.S.S-Mev level. Ten levels which 
were not previously rej>orted were found. 

We wish to acknowledge the help received from l)r. 

•'•- — .•>,  

:•• CM —     «•• o»» 

•. »o   ir.d 
• •o-i • .<• 

In;. 2. Kncrgy level scheme for A I*'. 

"A. ('.. Worthing and J. OifTner, Tretlmtnt of F.xptrimrnlnl ,.   ..  ... ,        ,.     ,    , ,„     ,      .    , ,     , ,, 
Data (John Wilev & Son*. Int.. \V« Ynr*. l«M6>, |>|>. I8.< 1st D. Halhday, Dr. L. Page, Dr. I*. Stehle, from Mr. h. 

>»I>. K. AI!>urKcr and K  M. HaiV.r, Kcvs. M.KUI:. Phys 22. Perkins, Mr. R. Weise, Mr. J.  Kai.e, as well as from 

''"'Wr,, Ka,:k.uT. Houruius, Kaufmann. and Mooring. lhc rna"-volh('r members of the laboratory who have 
Phys. Kcv 83, Kill il95t). taken an interest in this project. 
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Inelastic Scattering of Protons from Nickel* 
Kui'H ELV, jK.t A J. ALUIK, J. S, ARTIIIR, K. S UIXIUH, H. J. HUSMAN. AND K. M. Km.u.vJ 

[,'nkersity of Pittsburgh, Pittsburgh JJ, Ptnnsyttitnij 

(Rerrtved February 18, 1952) 

By use of (he ri|Ui|>nirnt developed for the precision scattering project at the t'nivcrsi'.y of Pittsburgh, 
inelastic scattering of 8 Mev protons from a thin nickel target has IMTII observed at 'HI0. Tl'e ener;;v levels 
obtained for natural nickel are 1 514, 1 479, 2 186, 2..U6, 2.501, 2 660, 2.811, 2.946. .1.08!, .V16lj .1.226. 
5.508, 5.462,5.575.5 646,5 77.?. 582.5. 5 944, 5 ')79, and 4.066 Mev A: present, only the time levels 1 544. 
1.479, 2.501 Mev can l>e assigned to nickel 60 from compaiison with beta decay of cobalt 60. 

INTRODUCTION Bush.3 using 5-17  Mev protons from the Princeton 

EXKRCJY levels in nickel have been observed l.v Outrun, reported one weak level in nickel at 3.8 Mev 
the inelastic scattering ol protons from a nickel as w,(    as a ->-?-"-  jan<1 ,,f ,,a(ks '" •-« photographic 

, .,   .... ,       .11/        I t .i      i  . emulsion used tor detection.   I his broad band suggests foil.  I he apparatus and method <>t analysis of the data       • ,        , ..... *h . 
, .        ,   , ,. , ... . , either that a three-part tele disintegration is occurring 

are the same as that ol the preceding iwper.1 Pickcaml ,       ,    ,     , . , ,     .    . .    , 
.       ,       ,     ..... ! ,, or that the levels are too close to be resolved with their 
Marsha  ,-  with   incident   protons ol   (>.')   Mev,   were ,   ,    ,, ,   .   , ,      , • ' ' equipment. In the present studv, twentv energv levels 
unable to observe any levels in nickel, 1-ulhright and |nve [K.,.n observed 

The target (obtained from the Chromium Corporation 
• Work done in the Sarah Mellon Scail'r Radiation Laboratory     ()f America) was a nickel f..il <if arcal densitv 0.592±2.5 

and assisted by the joint program of the ()\l< and AM  and the ,• ,    •    ', ,   • 
.. , ,. , i-ercent   mi; cm*.  !*>pecJro->copic  ana vsis  showed   less Research ( orporation. ' t 

i Now at Westinghousc Atomic Power Division, Bettis Field, than ,,ul |*-rcent of copper in the target. The source 
Pittsburgh, Per.' •>!• ,':ia and analyzer siits were Jinch wide. In all other respects 

: Now at Camp Evan. Sig:ul l.aboralories.Ueimar, New Jersey the e.\|>erimcntal details were essentially as reported ill 
: R-ilkv, Allen, Ailhur, Bender, Elv. and Hausman. Phys. Rev .__ nreiedi'iL' inner 

86, 857 (i"52i. _    ' • K I • I 
' R. II. Hide and J. Marshall, I'h>»  Rev 65, 86 (1945). - II  W. Fulbright and K. R   Bush, Phys. Rev  74, 1525 (|948), 
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Kir.  I  S; ntruiii of proton? scattered from r.ickcl at •*)" 

RESULTS 

Figure 
S-Mev | 

1  shows the rnergy spectrum obtained for 
rotous scattered from nickel at 90°. Inserting 

absorption foils in front of the detector shows that all 
are proton peaks. Peak "a" is the nickel ela«!i« peak, 
while "6" is the elastic peak caused by a thin carbon 
de]H)sii which formed during bombardment. Table I 
shows the energies of the resultant levels; they are ><>r 
reeled for recoil nucleus, relativistie, and target energy 
loss effects. A probable error of the order of JO kev 
seems reasonable. Below .\.(> Mev in Fig. 1 are several 
partially resolved peaks. Tentative but questionable 
assignment of these peaks are: 4.29, 4..U, 1.44, 4.47, 
and 4.50 Mev. 

Figure 2 shows the energy lev.'i scheme for nickel. 
Brady and Deutsch,' from beta-decay of Co6', re|>ort 

TABU: I  hncrgy levels of nickrl. 

Hta.h .ml                 l.ritii Fu.tir ifc-.t 
1 ni-tiiy I>rii( cli                     fl ol. uti i Buih 

l.ne! Mrt Mrv                      Mev Mrv 

C 1 344 1 33 
d 1 47<J 1.5 
( 2.180 
I 2326 
l 2 SOI 2.50 

i 
2 600 
2814 

; 2 9-16 
k 3 081 
1 3 161 
III 3 220 
n 3 308 
0 3 402 
P 3 573 
1 3 040 

3773 
3823 3 8 
3144 

u 3 '>7'» 
• 4 000 

ievelsof 1..U Mev and 2.50 Mev in \iCi. The third level 
is at 1.5 Mev in \ic'as rejtorled by I.eith, Bratenahl, 
and Mover1 from positron decay of Cu6". The remaining 
levels are as yet unassigned to a particular isotope. The 
level obtained by Fulbright and Bush3 is shown at A 8 
Mev 

We wish to acknowledge the- help received from I>r. 
I). Halliday, Dr. L Page, Dr. P. Stehle. Mr. K. Perkins, 
Mr. k. Weise, and Mr. J. Kane, as well as from the 
many other members of the Laboratory who have taken 
an interest in this project. 

IV; 2  Karri;/ level schtme fur nickel. 
' i:   i.   H:.u!v and M   Deu'.sch, Pliv 
1 l.i-ilh, Urahr.alil. ami Mi:ver. l'liy; 

Kc-v. 74. 134 (|Q4K>. 
Rev  72. 732 (1^47) 
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Radiofrequency Power Supply* 
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A HIGH voltage power supply has tieett designed having a 
maximum current output of 500 microamperes for use. with 

any equipment « herein very high dc stability of the supply voltage 
is essential. The input to the regulation sect.on of the supply is a 
rlc amplifier wired as a clilTerenre amplifier, tlic dc reference 
voltage supplied by a 5651 voltage regulator tui>e operating at 
constant current. Because of the t«o stages of dc amplification, the 

An output voltage from 500 to MXK> volts is obtained by use of 
the wire wound resistance chain. The switch gives SOOvoll steps 
and the 1 (*fiA" potentiometer a continuous control over the range. 
A 2K precision resistor is included in the fixed chain for measuring 
the absolute value of the output voltage uith a potentiometer. 

The dc: output voltage measured over a pcricxl of 48 hours shifted 
less than two parts i:i 10,000; over a period of } hour, the deviation 

-n--i 
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~~. J^- i. 
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i *ir- 

oltAgc jmwrr • ;.!•!> 

piate suing of mlie V.J i> limited to -£>() volt*. It i* desirable that 
the plate of V.I lie at about 22s volts, the mid point of its range, 
under actual load conditions. The screen bias of V5 may lie :.et in 
two ways, lather the plate of \'i may be connected ilirectlv to the 
griil of \'2li and an ().\2 or OH2 VK tul>e used to obtain proper 
screen bias, or a high resistance chain yKi.Ri) may he used to drop 
part of the voltage applied to the grid of V2B. The following proce- 
dure may he used to tune the plate circuit of the oscillator. A 
variable condenser, 400-1000 jijif, is placed in the tank ciruit of 
the 6AQ5 oscillator. Under loail conditions—external load at 
desired |iotential -tlie condenser is tuned to minimize the screen 
tmlential of \"5. 

was less than one part in 10,1X11). lor these determinations, a well 
regulated ,$IX) volt supply was used. The ac ripple content in the 
output dc has been measured as being less than 10 millivolts. 

!)r H. I. Robinson of The Johns Hopkins University has tried a 
simple method for conversion of the present supply to a negative 
output. The technique is to ground the K ;- of the 300-volt supply 
for the regulation section. In order to get a suitable grid reference 
voltage it is necessary to use 5651 tubes in scries from ground to 
the grid of V1B. 

•Wofii •'.«!» i:: i:ir RJIMH M.-!l>-i -.Mil.- Itat.i'.i..! I ..ill :.i! ,:•. .,-. • 
i— |»T I l>v lh" ;<>:v.t  ;ir.jf.i!n   .• l> <• < 1\'K .,:> ! i!:r   \: (' 

' \'» w ,,i ( :i-:-.;   1 •. .ir'. Mg*i.il i altoratorir*. Hrltn.i:   \,-u   !»••*«»} 
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The University of Pittsburgh Scattering Project* 
k   >. iii.Mn.K, 1-. M. KtiLLhY,! A. j   Ai.i.Ks, K. Kt\.| J. S. ARTHVR, ASD H. J. HU'SMAS 

Radiation hiboMtory L'nitersity of Pittsburgh, Pittsburgh, Peims\lvtjni.i 

(Received January 5. 19^2: 

A scattering program at the I'nivcrsily of Pittsburgh uses charged particles t'rom the cyclotron (8-Mcv 
protons. 16 Mev dcutcrons, and 32 mev alpha particles An electromagnet focuses the cyclotron lieant 
through an aprilurc in an 8 ft shielding wa'l into a scattering laboratory; a second magnet analyzes the 
beam if. energy; a third magnet analyzes the energy of 'he charged particles produced in the reaction. For 
A-in analyzing slits 1.0 microamperes of 8i0.OlO-Mev protons are available at the target 31 ft distant from 
the cyclotron. The reaction particle analyzer can l>c rotated about the target. The energy dispersion lor 
5.298-Mev alpha-particles is 0.192 Mev in. for each analyzer; the momentum resolution is 1 part in 850 
The detector is a scintillation counter. The energy determinations at present stage of development arc 
thought to IK- accurate to ±0.2 percent ascriU'd to magnet calibration uncertainties. Knergies above and 
IK-IOW ibis value arc thought to IK- of the same precision l>ul the actual calibrations have not lieen completer! 

INTRODUCTION 

THE University of Pittsburgh cyclotron accelerates 
protons tn an energy of X Mev, dcuterons to 

In Mev, and alpha-particles to M Mev. Radiation 
background makes the direct study of nuclear reactions 
in the cyclotron chamber itself very dilTicult. Also the 
spreads in angle and in energy of the cyclotron external 
beam are large and attempts to reduce these factors 
by simple collimaiion would greatly reduce the beam 
intensity. To overcome these obstacles a shielded 
scattering laboratory was built into a hillside just 
behind the cyclotron chamber. An 8-ft wall was placed 
between these two rooms. One can work safely in the 
scattering laboratory with the cyclotron operating as 
long as the beam is not focused into the room. An 
aluminum duct system transports the incident beam 
3\ feet through focusing and beam analyzing magnets 
to the scattering chamber; the charged particles from 
the reaction traverse an additional 10 feet of duct 
system through a second analyzing magnet to a scintil- 
lation detector. For 8-Mev protons a normal beam at 
the target through iVin. slits is 1.0 microam(>ere with 
an energy spread of ±0.010 Mev. 

FT 

g 
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FIG. 1. Plan view of the cyclotron and the scattering project. 

• Work done in Sarah Mellon Scaifc Radiation Laboratory 
anci issisted bv the Joint Program of the CNR and the AF,0, and 
the Research Corporation. 

t Now at Camp Kvans Signal I.abs, Helmar, New Jersey. 
X Now at Westinghouse Atomic Power Division. Bettis Picld, 

Pittsburgh, Pennsylvania. 

BEAM FOCUSING AND ANALYSIS 

An electromagnet in the cyclotron room 'see Fig. 1'; 
is designed to focus the cyclotron beam on to an ad- 
justable slit located in the 18 in. high water lank 
which forms part of the shielding wall. Since the cyclo- 
tron beam has no well-defined source, a single magnet 
cannot well be used for focusing and for precise energy 
analysis of the beam. By using separate focusing and 
analyzing magnets, it is [xissiblc to remove this limita- 
tion. At the same time the focusing magnet increases the 
distance between the cyclotron and target and enables 
better shielding of the counting area from the cyclotron 
background radiation. 

A sht located at the final point of I he focusing 
magnet, serves as an effective source for the beam ana 
ly/.ing magnet. The slit is 1 in. high and formed from 
2 pieces of |-in. thick tantalum with carefully machined 
edges. From a position in the scattering laboratory 
(without breaking the vacuum) its width may be ad- 
justed to within .tl mil. Modified llelmholtz coils 
along the duct in front of the focusing magnet are used 
to raise and lower the cyclotron beam. 

The second magnet is used for energy analysis, it is 
placed in the scattering laboratory close to the shielding 
wall and produces an image of the adjustable slit at a 
jx)int near the center of the room This magnet was 
calibrated by using alpha-particles from polonium. 
The magnetic field strength in the gap was measured 
by a proton magnetic resonance detector. The Up 
value used for the polonium alpha-particles was 3.315° 
i-0.0007X 10* gauss-cm as reported by Van Patter 
el «/'; this corresponds to an energv of 5.298±0.(X)2 
Mev. 

Two sets of adjustable stops are used to define the 
beam in angular spread. The first is placed in front of 
the pole tips of the focusing magnet and allows a maxi- 
mum total spread of 10 degrees. The second is placed 
in front of the pole tips of the beam analyzing magnet, 
allowing a maximum total beam spread of 8 degrees. 

' Van Patter, Sperduto, Huang, Straight, and Bucchncr, Phys. 
Rev. 81, 233 (1951). 

542 
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To facilitate tuning the cyclotron, insulated drop 
probes or beam catching plates connected to remote 
Hcroammetcrs are located at u) the cyclotron exit 
port fa drop probe). (2) just in front of the focusing 
magnet (top and bottom plates), (3) behind the focusing 
magnet (a drop probe), (4) at the adjustable slit (top, 
bottom, right, and left plates), and (5) in the scattering 
chamber (top and bottom plates). 

A brass plate with a milled slit fa in.X 1 in. is located 
at the focal point of the beam analyzer. The target 
is placed 1} in. beyond this slit. Since the targets used 
are very thin foils most of the beam passes through 
and is collected in a Faraday cup placed eight inches 
fiom the target. This cup is connected by means of a 
polyethylene insulated coaxial cable to eithc. a current 
integrator or a microammeter. Beam currents of 1.0 
microamperes for continuous operation can be obtained. 
Under these conditions the cyclotron beam current to 
the drop probe at the cyclotron exit port is 120 micro- 
amperes and that to the probe behind the focusing 
magnet is 40 microamperes. 

REACTION PARTICLE ANALYSIS 

A third magnet was constructed to measure the 
energies of the charged particles emitted from tiie 
target. It is mounted on a rotatable carriage; a sylphon 
coupling is arranged between the scattering chamber 
exit ports and the reaction analy/.er vacuum duct 
system so that studies can be made at a continuous 
range of scattering angles up to within 30 degrees of 
the normal center line of the incident beam. A set of 
adjustable stops defines the total angular spread of the 
emerging particles up to a maximum of 10 degrees. 

SCATTERING CHAMBER DESIGN 

A plan view of the scattering chamber is shown in 
Fig. 2. This chamber was formed of l-'m. aluminum 
(alloy 61-ST) by rolling from a 6-in. wide strip. After 
rol'ing into a ring of 14j-in. i.d., the joint was arc- 
welded in an argon atmosphere. Machining of gasket 
groves and jx>rts was done after this welding operation. 
Top and bottom plates of l-'m. aluminum (alloy 61 ST) 
were pinned in position by one small blind steel pin each. 

The target holder is mounted on the top of a brass 
tube which is located on the axis of the scattering 
chamber. The target foils are mounted between two 
small rectangular frames which are bolted together 
thus clamping the foil along its four edges. Three of 
these foil mounts can be placed in the target holder 
at one time, one above the other. An O-ring seal around 
the brass supporting tube permits any one of the three 
to be placed in the beam without disturbing the 
vacuum. Provision is also made for heating the targets 
in place to minimize the formation of carbon deposits 
on the targets. A Faraday cup is placed in the zero 
degree port and intercepts the beam passing Ihrough 
the target. A J-in. long cylindrical insulated guard ring 
is placed in front of the Faraday cup. 

v:»-'i« «".     c 

He. 2. Plan view of the scattering chamber. 

The slit which defines the energy spread of the beam 
incident on the target is rigidly attached to the scatter- 
ing chamber; the slit system defining the angular 
spread of the emergent particle beam can be pivoted 
horizontally about the center of the chamber. The 
solid angle intercepted by the particle analyzing magnet 
is determined by a single slit located in this emergent 
particle slit system. 

MAGNET DESIGN 

The three magnets were designed to produce fields 
large enough to focus 16-Mev deuterons or 32-Mcv 
alpha-particles. The lip value for either of these two 
particles is 810 £-gauss-cm. If one chooses a nominal 
•.alue of 13,000 gauss for the magnetic field, the radius 
of curvature is 62.5 cm. The energy dispersion for 8-Mev 
protons is 0.320 Mev inch. An energy spread of ±0.010 
Mev for 8-Mev protons is thus obtained with iV'n- 
analyzing slits. 

Design of the magnet was conservative in anticipa- 
tion of possible increased cyclotron beam energy. As a 
result, the magnetic fields of the completed magnets 
are relatively linear with current up to !6,000 gauss 
and a neld of 18,000 gauss can easily be achieved. 

Mainly for shielding reasons the target position was 
chosen to be about 31 feet from the cyclotron exit port. 
The architecture then dictated that the .straight line 
distance between source and image be 190 in. for the 
focusing magnet and 155 in. for the beam analyzer. 
The resultant deflection angles are 14 degrees for the 
median ray through the focusing magnet and 40degrees 
for the median ray through the beam analyzer. The 
straight line distance between source and image for the 
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• caction parlick analyzer u.is chosen to he S2 in., if ii 
were larger the magnet could not l>e rotated about the 
target in the scattering room. Its median ray is de- 
fected through 60 degree. The magnets were designed 
Ii. accommodate the normal Ill-degree li>lal angular 
spread <>f the cyclotron beam. 

The magnet yokes arc C type, wit It rectangular cross 
section, tlame cut from the appropriate thickness of 
annealed SAK 10-20 steel. The faces of the C" yokes 
were machined parallel to i.2 mils. Seven-inch poie 
pieces, coil cores, are bolted to these machined faces. 
To these pole pieces arc bolted 1-inch thick iron slugs 
having a shape and size intermediate between that of 
the ]K>le pieces and that of the sector shat>ed pole tips 
which are also 1-in. thick. These intermediate slugs 
are made with rounded corners in order that vacuum 
seals may be .nade to them. The magnet air gaps were 
chosen as 1 in., which is a compromise between the thick- 
ness of the emergent cyclotron beam and the power 
requirements of the magnets. 

The focusing magnet consists of 2664 turns, with 5 
tons of iicin ami 667 rx>unds of copper. The beam ana- 
lyzing magnet and reaction particle analyzing magnet 
ha\e 3S48 turns with 6 tons of iron and 964 pounds of 
copper. These two analyzing magnets are similar cx- 
ccot for the shape of the intermediate slugs and pole 
tips. 

The coils are wound with copper strap J in. wide by 
60 mils thick which includes a 10-mil thickness of sili 
cone-varnish impregnated glass insulation. Sub-coils 
are first wound to produce a coil J -in. wide and 75 turns 
deep. Pairs of these sub-coils are assembled side by side 
such that their windings are in opposite directions. The 
inner turns are soldered together. The coil-pairs are 
then sandwiched between iVin. thick cop(>cr disks 
and the outer turns of adjacent coil-pairs are soldered 
together. Water cooling is accomplished by soldering 
copjMT tubing to the outer rims of the copj>er disks. 

TRIMMING OF THE POLE TIPS 

Two problems arise in the positioning of the [Kile tips 
relative to the magnet slugs and voke. First, reposition- 
ing the tips on the intermediate slugs, and second, ob- 
taining a constant reproducible gap width. Thcjxwition- 

• ; .»; t    *.   i 

nig relative to the intermediate slugs was accomplished 
by dowel pinning the tips to the slugs at two points. 

In order to insure a constant, reproducible gap width. 
the jaws of the yoke were jacked apart and stainless 
steel jHTmanent spacers were inserted between the 
intermediate slugs at 4 points. Tour inclined plane jacks 
were placed in each air gap to hold the pole tips against 
the intermediate slugs. The air gaps are reproducible to 
\\ ithin 5 parts in 10*. 

In designing the three magnets account was taken of 
first-order deviations from optimum focus due to the 
fringing field of the sectors. The method is an extension 
of the work clone by CoggeshalF and by Roters.3 

Second order deviations were corrected empirically 
by ascertaining the magnetic field necessary for focusing 
monoencrgetic particles through various arc segments 
of the air gap and removing iron from the tips where 
necessary. The empirical cutting procedure for the beam 
analyzing magnet and the reaction particle analyzing 
magnet are similar, and hence, only the procedure for 
the bean; analyzing magnet will be discussed. 

Two slits (iV, in. wide and 1 in. high) were placed at 
the approximate source and image position of the 
magnet. A jxilonium alpha-source was placed in front 
of the input slit. Behind the detector siit was placed 
an RCA-5819 photomultiplier tube with a scintillation 
screen of zinc sulfide mounted on a Lucite light pij>e. 
All of the magnet gap was blocked to the passage of 
alpha-particles except for a J-in. window which could 
be moved laterally across tiie magnet gap in J-in. steps, 
(see Fig. .\). At each step the counting rate was deter- 
mined as a function of the magnetic field. From these 
data one can determine the magnetic field value, ex- 
pressed in terms of the proton resonance frequency, 
which is necessary to focus the monoencrgetic polonium 
alpha-particles at each Jin. step. Such a curve is shown 
in Fig. 4 marked "/„a, original." An arbitrary frequency 
fa, which was higher than any •;i the observed fre- 
quencies, was chosen (in this example /o= 21.700 
mc 'sec). As a first approximation for determining the 
amount of material to be removed at each point along 
the pole tips, the expression A/ 1-- (ft,— fmai) To was 
used, where A/ is the material to be removed and / is 
the particle path length in the magnetic field. This 
method of calculating the amount of material to be 
removed from the edges of the pole tips is conservative. 
After the first few cuts, however, a correlation appeared 
between the amount of material removed from a definite 
position and the improvement in focusing at the same 
;x>int. This empirical correlation is used to guide the 
subsequent cuts. Cutting was stopped when the maxi- 
mum deviation in relative focusing of the monoencrgetic 
alpha-particles at the various segment positions fell 
»ithin the error caused by failure In reproduce the gap 
width.  After the final  cut,  the  maximum  deviation 

FIG. i. Magnet trimming arrangement. Plan view of a pole- 
tip of the beam analyzing magnet showing the source and detector 
slits and the sliding aperture. 

1 N. I). Coggeshall, J. Appl. Phys. 18, 855 (1947). 
* H. C.  Roters, Eledromaintiic Pa-ices (John   Wilev  &  Sons 

ire, New York, 1941). 
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from the im'aii <>f the proton resonance frequency for 
focusing at each j>oint was less than 3 parts in 10,(XX). 

To determine the dispersive |K)\vcr of the magnet, 
the target slit wa« replaced by two ,'jin. slits separated 
1 iit, in the image plane. A curve of particle count versus 
magnetic held with full magnet aperture gave a value 
for the dispersive power, for 5.298-Mcv alpha-particles, 
of 0.192 Me\ in. Line shapes using the ]>olonium source 
were taken with full ajKTture to dcti rmine the resolving 
power of the magne.s. A value of the order of one par', 
in 850 of momentum was found after corrections had 
been made for source thickness. 

The beam focusing magnet in the cyclotron room was 
also trimmed empirically. The cyclotron beam was used 
as a source while a Faraday cup behind the adjustable 
slit was used as a beam collector. The beam intensity 
was measured with a galvanometer. The data for final 
trimming were obtained using the beam analyzing 
magnet set to focus cyclotron protons at approximately 
the median energy of the cyclotron spectrum. The 
criterion for cutting was then dictated by the condition 
that the maximum number of particles of the selected 
energy range be focused into the scattering chamber 

After the magnets had been trimmed and |x)sitioned 
for a scattering experiment, repeated calibration checks 
were made. If air had not been admitted to the system 
between calibration runs, the probable error in re- 
producing the calibration constant was 4 parts in 10*. 
However, over a 4-month |>eriod, the system was down 
to air many times for (hecks and adjustments. Th 
probable error in reproducing the calibration constant 
over this jwriod rose to 4 parts in 10\ It is believed that 
this failure to reproduce the calibration constant is 
due to small geometrical shifts in the system when the 
system is being either pumped down to vacuum or 
o|H*ned to air. To correct for these uncertainties, it is 
planned to place a remotely controlled polonium line 
source at the adjustable slit and one at the target holder 
permitting a check on the calibration constants at any 
time during the experiment. 

DETECTION AND COUNTING ARRANGEMENT 

The detector adopted is a scintillation screen and 
phototnultiplier tube mounted outside the vacuum 
system. A 0.05-mil nickel foil is cemented to the back 
of the detector slit as a vacuum seal. The phototnulti- 
plier tube (EMI type 5311) is encased in an aluminum 
tubing light shield such that it can be adjusted in posi- 
tion axially and brought as close as is practical to the 
nickel window. A /.inc sulfide screen is deposited on a 
piece of a glass lantern slide (J in.XI in.) by settling 
from an alcohol-water suspension. This screen is taped 
to the photosurface part of the tube with Scotch cello- 
phane tape. A small amount of microscoj)e immersion 
oil is plated between the lube face and tin glass plate 
so that go<xl optical contact is obtained. 

Zinc suliide was chosen for the scintillation screen 
for several reasons. The efTickiicv of a thin ZnS screen 

Fie. 4. Plot of the magnetic field necessary to focus Po alpha- 
particles at Jin. openings along the pole-tip edge. The bottom 
curve was taken prior to trimming. The top curve represents the 
second of a scries ot cuts. 

for gamma-ray and neutron background radiation is 
small as compared to other crystals checked. It was 
also found that for an appropriate thickness of ZnS, 
the pulse height distribution for charged particles is 
approximately independent of energy over a wide 
range. Thus, it is not necessary to continually change 
the bias settings of the input discriminators to the 
scaling circuits as particles of different energies are 
counted. 

Hy using an KM I 5311 photomultiplier tube, and 
with polonium alpha-particles incident on a ZnS screen, 
forty-volt pulses of narrow half-width are obtainable 
with a go<xl signal to noise ratio The pulses from the 
photomultiplier collector are fed into a cathode follower 
consisting of a parallel connected double mode (12 
UIl"), which is necessary to drive iht eighty-foot 
length of R(i7 (' coaxial cable that conducts the pulses 
to the counting >ystem. This cable is terminated with 
a 100-ohm resistor in order to minimize refections. 
The terminated cable is connected to the intiUt of a 

Jordan and Hell linear amplifier1 modified to have a 
faster rise-time at the expense of gain. Output pulses 
from this amplifier are inserted into the input discri- 
minator of a scaling circuit. This consists of one Model 
108 and one Model 109 decade counting strip§ and a 
Yeeder Root mechanical register. 

A remotely controlled swinging gate is included in 
the vacuum system of the reaction particle magnet so 
that all particles from the scattering chamber can be 
intercepted. This is helpful in determining the countable 
background due to gamma-ray and neutron fluxes in 
the scattering laboratory. Also included is a remotely 
controlled polonium alpha-particle source which can be 
swung in front of the detector slit. This is convenient 
for adjusting the photomultiplier tube voltage and the 
amplifier gain, and enables counting conditions to be 

«\V. H. Jordan and P  R. Bell, Rev. Sci. Instr. 18, 703 (1947* 
§ Atomic Instrument Comnany,  Hoston,  Massachusetts. 
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reproduced from day to 'lay. It is also of some- value 
in identifying the types of particles being counted. 

Identification of reaction products in general, alpha- 
particles and protons is made by means of aluminum 
foils. Since protons and alpha-particles of the same 
energy are focused b\ the same magnetic field, dif- 
ferentiation is accomplished by using the difference in 
specific ionization of the two particles. For a certain 
thickness of absorber, alpha-particles will be stopped 
while protons of the same initial energy will pass 
through at reduced energy. A remotely controlled foil 
injector system is mounted directly preceding the 
detector slit in the duct system of the particle analyzing 
magnet. In addition to the foils used for distinguishing 
proton and alpha-particles, a second set of foils is used 
to decrease the energy of the particles from a fixed 
energy proton resonance level- in general, the elastic- 
scattering j>eak—in known energy decrements. This 
process gives a rough measurement of the efficiency of 
the scintillating material as a function of energy. 

In an attempt to reduce background radiation re- 
sulting when the beam of 8-Mev protons strikes the 
angular collimators. target slits, and Faraday cup, 
various high atomic number materials were tested to 
determine their activities relative to the present ani- 
mating materials— namely, brass and aluminum. The 
activities for tantalum and tungsten were approxi- 
mately | the activity of brass for the same number of 
incident particles; the activity for molybdenum was j 
that for brass. It is planned to cover all areas exposed to 
the beam in the scattering laboratory with tantalum. 

Integration of the beam current is accomplished by 
connecting the Faraday cup to a pre-t-barged condenser 
and observing the discharge with a quartz fiber quand- 
rant electrometer made by tin Cambridge Instrument 

t'ompany, A bank of polystyrene-insulated condensers 
'."ith a capacity of one microfarad and charged to a 
potential of 10 volts is used. The electrometer is used 
as a null indicator. With a typical beam rirrcnt of 0.5 
microampere collected by the Faraday cup a counting 
interval consists of a twenty-second |X'riod in which 
10 microcoulombs of charge are transferred. The rela- 
tive accuracy in beam current integration under these 
conditions is of the order of one part in 500. An auto- 
matically oj>erating electronic current integrator has 
just been developed to replace the manually operated 
integrator. 

MAGNETIC FIELD MEASUREMENTS 

Magnetic field measurements are made by measuring 
at resonance the frequency / of a proton magnetic 
resonance oscillator whose absorption signal width at 
half-maximum is 0.5 gauss. This frequency is related 
to the magnetic field />' by 

*-2wf/y, (1) 

KlO. 5. Oscilloscope pattern showing the proton absorption 
signal on the lower trace and on the upper trace, the beat signal 
between a frequency me'er atui the magnetic resonance oscillator 
frequency'. 

where 7 is the nuclear gyromagnetic ratio. 
The radiofrequency oscillator is somewhat similar 

to that used by Pound and Knight.1 The audiofrequency 
component of the oscillator output is detected by a 
diode rectifier, amplified by a high gain audio-amplifier, 
••"d fed to a coaxial cable. In the control rcxrni the signal 
from the cable is further amplified and injected into 
an electronic switch. 

In the same chassis with the oscillator is an anode 
follower which feeds a small portion of the radiofre- 
quency output of the oscillator through another coaxial 
cable to a frequency meter in the control room. It also 
serves to isolate the proton absorption signal channel 
from the audio beat note of the frequency meter. 

The electronic switch drives an oscilloscope which 
displays two traces simultaneously (see Fig. 5). The 
top trace displays the l>eat frequency output of the 
frequency meter while the bottom trace displays the 
absorption signal. 

DATA TAKING AND PERFORMANCE 

The chain of operations followed in order to obtain 
an accurately known magnetic field is as follows. The 
frequency meter is tuned to an appropriate sub- 
harmonic of the frequency / given by the relationship 
(Eq. IV The remote selsyn dial connected to the tuning 
condenser of the magnetic resonance oscillator is tuned 
until a zero beat frequency appears on the top trace of 
the oscilloscope pattern. Finally, the magnetic field is 
varied by changing the magnet current until the ab- 
sorption signal appear, on the lower trace. By using the 
zero beat displayed, frequencies can be measured to 
within 1 part in 50,000; the magnetic field can be set. 
using the center of the absorption |>eak, to within -4- 0.1 
gauss. 

• R. V Pound and W. D. Knight. Xev. Sri. Inslr. 21, 219 (1950). 
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All niagnctii liclds arc held cotwlant In Iic.lrr than i 
part in 50,000 by electronic current regulators. Kssenti- 
ally the operation consists of a comparison, by means of 
a Uroun vibrator, of an adjustable |x>tential with a 
sample voltage taken from a mangunin resistor in the 
magnet • ircuit. The difference i- amplified ami phase 
detected for use in controlling the field excitation of a 
500-watt amplidync which in turn supplies the ex- 
citation for a 5-kw generator supplying the magnet 
current. 

The energy increments used in surveying the energy 
levels of a particular nucleus are determined primarily 
by the energy spread of the incident beam. In general 
with A-in. slits for the energy analyzing magnet which 
defines the energy as 8-j.0.010 Mev. the magnetic field 
of the reaction particle magnet is changed in 0.010- Mev 
steps. The time necessary for a survey run may amount 
to 3ft hours of continuous running. Throughout the 
run, the magnetic field of the beam analyzing magnet 
remains fixed to within .j-0.1 gauss. Over the total 
running period only minor adjustments need be made 
on the tuning of the cyclotron permitting continuous 
currents of the order of 1.0 microamperes to be main- 
tained with a total variation in beam intensify of .! 10 
percent. 

To date the energy levels of Al, Xi. Au, Bi, Cu, C 
have been surveyed. Nickel and copper targets have 
heen generously supplied by the Chromium Corporation 
of America, Waterbury, Conneitirut. A typical survey 
run is shown in Fig. ft. A thin target (0.63 micron) of 
naturally occurring copper was bonbarded with 8-Mev 
protons having an energy spread of .1.0.010 Mev and 
the reaction products observed at (X) degrees to the 
incident beam. The angular spread of the incident 
beam was ±3 degrees; of the outgoing beam, -fc2 
degrees. Peaks a, b, and d of the Cu s|>ectrum are the 
elastic peaks of copper, oxygen, and carbon, respectively. 
However, the overlap seen on peak d is probably due 
to a superposition of the 0.°6-Mcv energy level of 
CuM and the carbon elastic peak. P<aks i and r have 
been tentatively assigned to the 1.89-Mev level and 
the 2.60-Mev level of Cu*', respectively. A tentative 
assignment of peak e to the 1.12-Mev level of CuM 

and peak c to the 1.4'J-Mev level of Cu" can also be 
made. 

Except for peaks c and / of the Cu spectrum, it can 
be seen tiiat peaks a through : are resolved sufficiently 
so that energy levels could be assigned. However, most 
of the proton peaks of energy les*- than 4.0 Mev 
are not sufficiently resolved by our apparatus at present 
to permit an accurate assignment of levels. The com- 
plexity of the spectra from nuclei with ma*>s number 
neat Cu i< approaching the limit of resolution of our 
apparatus. For the copj>er run, counting interval" 
wen averaging a minute per experimental punt using 
,V,-in. cietector and source slits and having beam cur- 
rents on the order of 0.7 microampere. 

It is believed that a    gnincant increase in the peak- 
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FlC. 6. Spectra of charged particles emitted from copper at 90°. 
A plot of the counts per 40 micro coulombs of 8-Mev protons 
through the target :trsus scattered particle energy. 

to-bad ground intensity ratio can be obtained by using 
tantalum as a beam stopping material in the counting 
laboratory to reduce background radiation. Also, the 
resolution of the system can be increased by decreasing 
the angular and energy spreads of the incident beam. 
This would mean longer running times due to the de- 
crease in beam intensity 

CONCLUSION 

The scattering apparatus represents a flexible cx- 
|X'rimental tool for extending nuclear measurements 
of Van de Craaf precision to the region of medium 
energies. With this equipment experiments can be 
performed under clean observational conditions of low 
background,precise control of energy and energyspread, 
and good collimation. Angular correlation studies are 
planned. 

The author- wi\h to thank Dr. David Halliday, Dr. 
Lome A. Page and Mr. Clayton J. McDole, who helped 
in the early stages of development. They are also in- 
debted to Mr. Robert F. Weise. Mr. John I". Kane, and 
Mr. F.ugene M. Perkins for their help in the design and 
development stages of the project. 
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The Quenching of OriTio-PoEiuGni-irr. Decay- 
by a Magnetic Field" 
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WK have measured I he quenching ol three-quantum ar.ni 
hilation from posit ror.iuni by a magnetic field.1 This effect 

has been detected by Dcuisch and Duiit* anil by Pond ami Dickc3 

using different methods. Positronium was formed in SF» gas in a 
chamber placed between the poles of a magnet. The positron source 
was ~0.01 ml' N'a* on a Kapon film. The decay of the S.S': posi 
tronium was detected by three Nut scintillation counters placed 
wilh their axes 120" apart in ihe plane perpendicular to the 
magnetic field.* The background triple coincidence rate was found 
by letting nitric oxide into the gas chamU'r. Generally, the back- 
ground was about ten percent of the tola! triple coincidence rate 
The magnet was specially designed and the 5810 photomultiplicrs 
magnetically shielded to eliminate magnetic field effects on the 
counters. At a given pressure we measured the ratio «(//) of the 
true triple coincidence rate at the held // to that at 11=0 

If one plots n(//i. against (1 — n //', one should obtain at low 
enough gas densities—a straight line whose intercept is the frac- 
tion of the rale contributed by the '.S-. mj- t 1 states A typical 
experimental curve is shown in Fig. 1 for a density of 0.052 g cm1. 
It is clear that the mj^+A states supplv less than two-thirds of 
the zero field rate This is in agreement with calculations by 
Drisko* who finds that the probability for annihilation from any 
particular mj sulislatc of the *.S', state depends on the angle of the 
plane of the annihilation with the external field. In the special 
case corresponding to our geometry, Drisko finds that the nt.e-0 
state contributes one-hall of the zero field rate. All our data arc in 
agreement with this result. 

If collisions arc ignored, the theoretical expression for «(//) for 
our geometry is 

»(ff)-(2+aV»)/(2 1-2,,%), 

where ro=Tj'r1- 1120 as given theoretically by Ore and Powell,' 
and a — 2ii»H,'SE with .}K the ground state splitting as determined 
recently by Deutsch and Brown/ If one includes the possibility 
that collisions with gas atoms can cause transitions from J = 1 to 
./ — 0 (probability per unit time X = .V:<r) and transitions in which 
mj changes with A/ — 0 (probability ]>er unit  time X'-.Y:V), 
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the situation is more complicated * Transitions of the latter type 
cause »<II   to approach a high field limit of less than j. 

At high fields ihe quenching is relatively more sensitive to X' 
than to X. We found by measuring n(H) as a function of gas density 
at II • 7100 gauss that a' < \a. This conclusion depends on making 
use of a value of <r reported by Sicgel and De Hcnedctti* for SF» 
(rr~s:10 ': cm*!. Using this approximate limit for <r', we find that 
for //<.Wi00 gauss and for gas densities less than 0.15 g/cmJ the 
effect of the V transitions op the quenching is negligible and that, 
in fact, the quenching is given by Kq. (li with r0 replaced by 
r — r0 (1 rr>X;. 

Ill order to obtain an experimental value ior re and to check >/, 
we make the definite assumption that X' transitions are negligible. 
For each density wc then determine the tiest value for r, using only 
data with ll<MXX) gauss. Consequently, the plot shown in Fig. 2 
should be linear. The probable crrois arc large because Mr is 
relatively sensitive to n; a one percent change in n produces at 
ieast a six percent change in 1 r. The intercept and slope of the 
least squares line fitted to the data give the values of r<, ar.J <r. 
Our procedure requires only that Sicgcl and I)c Benedctti's value 
of a t>c correct as lo order to magnitude, justifying neglect of the 
X' transitions; in this sense only is our value of a independent. In 
computing a from X. we have assumed the dominance of single 
collisions. We find r0 = 1050± 140 compared with Ore and Pc 'veil's 
theoretical result of r0-I120, and we find ff-SXlO-" cm' 
compared with <r=»10 " cm* obtained by Siegel and I)e Bene- 
detti.* 

•Work donr ID Sarah Mellon Saifc Radiation laboratory. Su;>j>ori of 
Hi*. !>\K i< ackr,owlrdsi*d. 

• Xo« a". I!IP t'nivernty of lllinnh. t'rbana. Illinois 
i J   Whratlry an:l I). Hallidav. Phy«. Rev. 87. MS (1052). 
' M. DriitKh an.I K. Dulit. Ptiys. Rev. 84. 101 (1951) 
> 1. A   Pond an.l R. II. Oickr. I'hys   K<n   8S. -.89 (I9S2). 
• S. Dc ller.e IrtU and R. SiCKrl. I'hys. Rev. 85. 171 (1952). 1 R   Pnsko. [irtvaie communication. 
• A  Ore ind J. L. Powell. P.'iy». Ktv. 75   ir,'«, ;iv»o% 

' M. IVutKli and S   0. Brown. Phyt. Rev. 85. 1047 cIVS.'). 
'O, tialprrn. Phyi   Rc-». 88. 23! (1952, 
' R. <:rn<-'. .in.! S. |)r Btnrdrtti. I'hyl. Rev. 87. 2.15 (1952). 
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Energy Levels in Light Nuclei* 
J. 0. ARTHUR,t A. J. ALLKN, R. S. BKNDKR II, J  HACSMAN.J ANO C J. MrDou.J 

I'niiersity of Pittsburgh, Pittsburgh 13, Pennsylvania 

(Received July 21, 1952) 

Targets of tieryllium. Nylon, lead fluoride, sulfur, and lead Miltide wire Iximhardnl with 8 Mev protons 
from the 1'nivcrsity of Pittsburgh cyclotron. Knergy levels were oliscrvcil in Be', C ', \", 0", I", and Sa 

by inelastic scattering at 150* from thin targets. Single levels were assigned in Be* and C"; two levels were 
assigned in X"; nine levels were assigned in F'*; and seven levels were assigned in Sa. 

I. INTRODUCTION 

THE present investigation was undertaken to look 
for additional low-lying levels in some light 

nuclei. Similar work has been done at this lalnmilory by 
Kly rt at.,' Rcillcy cl al.- and Hausman cl al? The 8-Mcv 
proton beam from the 'University of Pittsburgh cyclo- 
tron was used to bombard targets of beryllium, Nylon, 
fluorine, and sulfur. The incident and reaction particle 
momenta were analyzed magnetically. Inelastic scat- 
tering was used to determine energy levels in Be*, C", 
N>«, ()'«, F", and S". 

• Work done in the Sarah Mellon Scaifc Radiation Laboratory 
and assis:c<l by the joint program of the ON'R and AKC. 

t Now at Project Lincoln, Massachusetts Institute of Tech- 
nology, Cambridge, Massachusetts. 

{ Now at the Ohio State University, Columbus, Ohio. 
§ AF.C 1'rcdiKtoral Fellow. 
1 Ivlv, Allen, Arthur, Bender, Hausman, and Rcillcy, Phys. Rev. 

86, 850 (1952). 
'• Rcillcy, Allen, Arthur, Bender, Kly, and Hausman, Phys. Rev. 

86, 857 (1952). 
' Hausman, Allen. Arthur, Be: ier, and McUole, following 

paper [Phys. Rev. US, 1296 (1952)J. 

II. APPARATUS 

The apparatus used is essentially the same as that 
described previously.14 II was modified by placing the 
detector inside the vacuum system to |>ermit the ob- 
servation of lower energy scattered particles. The target 
holder was remodeled to provide a means for calibration 
of the reaction particle analyzer without losing the 
vacuum. 

A beam of 8-Mev protons from the cyclotron was 
focused by a sector magnet into a shielded scattering 
room. Within the scattering room the incident beam 
was analyzed magnetically by a 40° sec tor magnet and 
the spread in energy adjusted by appropriate slits. 
Charged reaction particles were momentum analyzed 
by a ' T sector magnet and delected by a scintillation 
counter using a ZnS crystal. Both analyzing magnets 
were calibrated  with  rxilonium alpha-particles using 

' Bender, Rcillev, Allen, Ely, Arthur, and Hausman, Rev. Sci. 
Instr. 23, 542 (1952). 

' University »f Pittsburgh Radiation laboratory Precision 
Scattering Report No. 2, May (1952) (unpublished). 
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I-'IG. 1. Spectrum of charged particles scattered (nun beryllium at 150". 

//p=-.?..M5°X10i gauss-cm*.  Magnetic  field strength 
measurements were made with proton resonance 
detectors. The analyzing magnets were carefully demag- 
netized before each run. The incident beam current was 
integrated to 70 microcoulombs (M) microcoulombs for 
one Sw bombardment) for each setting of the m;i«ne' 
which analyzed the scattered particles. The spread in 
incident energy was 0.04 Mev during the experiment 
with the beam incident perpendicularly on the target. 
At least two bombardments of each element were made 
using different targets where possible. 

III. EXPERIMENTAL PROCEDURE AND DISCUSSION 

A. Be'+Proton 

Beryllium targets of 0.2 mg cm: and 0 J mg cm- were 
bombarded with protons and the reaction particles 
studied at 150° with respect to the incident beam. Figure 
1 shows a plot of the number of counts per 70 micro- 
coulombs of charge collected :-5 proton resonance fre- 
quency in Mc sec at which reaction particles were 
detected. Peaks b. c, <1 and / are due to elastic scat 
tering from AF\ O16, C':, and Be*. Peak /; is from the 
known excited level in Bc'J at 2.4 Mev. The average 
value of excitation energy obtained fur this level from 
two runs is 2.44 Mev, which i-. to be compared with the 
values of 2.422_fc0.0O5 Mev determined by Van Patter 

rl a!.t and 2.13.*±(UX)5 Mev determined by Browne 
rl al." N'o new levels were found in Be1 for an excitation 
energy of 6 Mev. 

Peaks it. t\ £, and ; have been identified as deuterons 
from the reaction Be'lp4^Be' corresponding to the 
ground state and energy levels in Be" at 2.8, 4.0, and 
5.1 Mev, resj>er lively. 

Peaks i and / are alpha-groups from the Be*(/>,a)Li* 
reaction corres|)onding to the ground state and excited 
levels in Li6 at 2.1 Mev (for a bibliography see Hornyak 
c7 <;/.,' hereafter referred to as M'MP). The peaks k 
and k' are attributed to inelastic protons from the 
4.4-Mev level in C15 which appears as a surface con- 
taminant on the front and back of the target. 

Peaks r, /, and / were obtained by subtraction of the 
readings taken with a foil in front of the detector from 
readings taken without a foil. 

B. Nylon + Proton 

Nylon tarszcis of surface density 0.50 mg cm- were 
bombarded by 8-Mcv protons. The reaction parlkics 

•Van Patter, Spcrdulo, Huang. Strait, and Itucvhncr, I'hys. 
Rev. 81, 233 (1951). 

' Browne, Williamson, Craig, and Donahue, i'hys. Rev. 83, 179 
(1951). 

* Hornvak, l-auritser., Morrison, and Fowier, Kevs. Modern 
I'hys 22, 3W (1950). 
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were analysed ;il 90° and 150". Peaks <i. />. < , and c' of 
lig. 2 arc elastically scattered protons from ()'s. \", 
("', and (''•*, respectively, Pc..k i is the only excited 
state obtained in (''•' for an excitation energy of 6.5 Mew 
An e\i itat on energv of 4.15 Mev was determined for 
thU level. This is an average value obtained from four 
Nylon bombardments and nine other bombardments 
where carbon was a surface contaminant. The width of 
the peak is thought to be caused mainly by target 
thickness. A fresh target was used foi the data yielding 
|H"ak / I'ig. 2 in an attempt to reduce the probability 
of target deterioration causing a widening of the peak. 
Many previous investigations of (*'•' have been made 
('see HFML, p. M>). The most accurately known value 
for this energy level is 4.4.18-1.-0.014 Mev obtained by 
magnetic analysis.* 

Three levels and possibly a fourth were found in V 
from the reaction \"(/>./>')\"*. Peaks </. r, and £ of 
Fig. 2 correspond to energy levels of 2.32. 3.96, 5.09 
Mev. If r, were a peak in \" the value of the energy 
level would be 3.76 Mev. Since a (*" elastic peak was 
observed it is possible that it is an energy level of this 
isotope.|| Its excitation energy in l'u would be 3.69 Mew 
A level in (!" is known to exist at 3.677-fc(MX)5 Mev." 
Previous investigations on V energy levels were made 

by IT.omasand l.auritscn'giviiigvaluesof 1.643J. !!.<;04, 
2J1S4-0.008. 3.390+0.010. 3.9?. 5 056-fc0.025 Mev; by 
Burrows <7 al.[ giving values of 3.95 and 5.(K> Mev; 
and by Heydenburg cl <//." giving levels at 2..<5 and 
3.95 Mev. Thomas and l.auritscn observed gamma-ravs 
resulting from bombarding an enriched (":l target with 
deuterons. The gatnma-ray energies which they assigned 
as energy levels in \" at 1 6 Mev and 3.4 Mev have 
since beecn altributed to cascading gamma-rays 
(private communication with T. Lauritsen). 

Peaks /; ami / are assigned to the oxygen doublet at 
6.0 and 6.1 Mev. The best information about the doublet 
which can !>'• calculated from the N'vlon, PbS, and 
PbF- data (oxygen appeareel as a contaminant on the 
last two t..rgets; is a value of 0.087±0.010 Mev for the 
doublet separation. Previous measurements of these 
ievels and their separation have been made by Chao 
tt ii/.'-They give values of 6.052,6.136, and 0.084±0.006 
Mev lor the energy levels of the two peaks and their 
separation, respectively. Several other measurements 
of these levels have been made (see HI MI., p. 343). 

C. F" • Proton 

A target of Pbl;il.2() mg cm-') was evaporated on a 
gold   backing.   With  N-Mev  protons  incident   on   the 

P A a • i cL t      chencr 

l'u;  2. Spectrum of charged particles scattered from NMim at 151)". 

i \<lr tiddrd it) proof: i'uithcr worl. indicates that this level is from l"l! 

• R. (i. Thomas and T. bauritsen, I'hvs. Rev  78, 88 (1950V 
'•Burrows, Powell, an.1 Koiblat, I'roc. Roy. Sex-. A209, 478 1,1950. 
" H«-y.!mhurj, l'hillii>s, ami ("owie. Phvs. Rev. 85. 742 (1952). 
17 Chao, Tuliesiruji, I o.vler, anil l.auritsen, i'hvs. Rev  79, 108 1950). 
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lie. 3. Spectrum or charged particles scattered from fluorine a! 150". 

target protons from the reaction F"(p,/>')!'"* were 
observed at 150°. Figure 3 shows sections of each of 
two bombardments. Peak a is a group of protons elas- 
tically scattered from lead and gold. Peaks b, c, and d 
are the elastic [>eaks of F", ()'*, and (.''-', respectively. 
Peaks e, /, g, /;, i, _;, j,, k, and / correspond to energy 
levels in F" at 1.37, I.S9, 2.82, 3.94, 4.06, 4.41, 4.48, 
4.59, and 4.76. Peak j, is not shown as a peak in Fig. 3. 
Peak m is the excited state in C" at 4.4 Mev. P"aks n 
and n arc the 6.0- and 6.1-Mev levels in ()'*. No other 
levels of comparable intensity were observed for an 
excitation energy of 6.7 Mev. There were indications of 
seven other possible energy levels: one each at 4 and 
4.3, three near 4.6, and two near 4.8 Mev, each of 
which reproduced on the two bombardments. A bib- 
liography of previous investigations of energy levels of 
I" is given by HFML, p. 353. Recently, Bullock and 
Sampson'' found energy levels at 1.36±0.()5, 2 76 
4-0.05, 3.92±0.()5 Mev; Heydenburg. Phillips, and 
t'owie" found levels at 1.53, 3.83 .Mev. and Shull" found 
a level at 1.52 Mev. No attempt was made to study the 
reaction I'1"/>,«)()'**. The spectrum shown in Fig. 3 is 
taken with the alpha-groups removed by placing 
aluminum foils in front of the detector. A broad peak 

appears between 1 and 2 Mev. This is a proton group 
which appeared on a bombardment of the gold backing 
made under similar conditions. It is thought to be due 
to (p,p) reactions in copper or silver known to exist 
in the gold in quantities less than 0.2 percent. All |>eaks 
shown in Fig. 3 were observed on two bombardments of 
the same target: however, the values above were cal- 
cu'a'ed from the second run only. 

D. S'-f-Proton 

The S-:(p,p')S': reaction was studied by bombarding 
targets of lead sullidc and sulfur on gold. A spectrum 
of the reaction particles in the 150° direction obtained 
by bombarding S*5 with 8-Mev protons is shown in 
Fig. 4. a, b, and c arc the elastic peaks of Au':, Sw, and 
i )16, respectively. Peaks c,/, /j, h, i, j, and n are assigned 
to excited levels in S-- at 2.25, 3 81, 4.32, 4.50, 4.74, 
5.04, and 5.83 Mev. respectively. Peaks k and I are 
attributed to the 4.4-Mev level in ("'• and result from 
carbon contaminants on the target surfaces. Four [>eaks 
(J, d%, in, and o) were not used for calculations. In 
previous studies of S3: (see Alburger and lh%Htt**l4Lf*'' 
cited levels vere observed at 2.25 and 4.34 Mev.        ••* « 

" M. I.. Bullock and M. U Sampson, Phys. Kev. 81,967(1951). 
>«F. ii. Shuh, Phys. Kev. 8.', 875 (1951) 

•' I). K. All.urgrr 
379 (1950) 

id i:. M. Hafner. Revs. Modern Phys. 22. 
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IV. RESULTS AND ERRORS 

Table I is a lisi of the elements studied and the energy 
levels obtained. In all (/>,/>') reactions, except I", where 
three figures are quoted an estimate of the probable 
error is 0.02 Mev (for I~" the estimated probable error 
is 0.03 Mev). The primary contribution to this probable 
error is due to an uncertiantv in the calibration of the 

TABU: I. Energy levels in Be', N14, 0", H'», and S*. 

i 

* 

Be' 

O" 

I'" 

I  nrtKV Irvrl 
(Mrv) 

244 
4 45 
232 
3.76? 
3.96 
5.09 
6.0 
6.1 
1.37 
1.59 
2.82 
3.94 
4.06 
4.41 
4.48 
4 59 
4.76 
2.25 
3.81 
4.32 
4.50 
4.74 
5.04 
5.83 

nl.i.l   .r|-;il:lll< 

(1.087 

—~V^   '—A-.—V".'• 

A/'V'-^-""--V« M'<" .vwA' L 
r. f     h(st'      MI 

FlC. 4. Spectrum of charged particle* scattered 
from sulfur at 150s. 

magnetic field strength of the reaction particle analyzer. 
This uncertainty arises from a nonlinearity between the 
ratio of the measured field strength to the fringing field 
strength and the measured field strength and also from 
hysteresis effects. There are indications, in general, that 
the levels are higher than previously published values 
of the same levels where the accuracy quoted is of the 
order of 0.01 Mev. 

The authors wish to thank I.. M. Diana, K. B. 
Rhodes, R. F. Weise, R. A. Barjon, Miss V. (legauff, 
and E. M Perkins for their many contributions to this 
project. 



Ir.tef^-.-l Equation for Stripping 
:J.  r;erJuoy 

This -.tubjecS Im8 been 'Ji*:"u.-,ne"' recently by >>ustern    vho hns nttenmted 

1. K. Austern, i'hya. HOT. fig, 310 (1957) 

2 
to clarify tha p.Treer.ont between tho renultB obtr lned from Sutler's theory' 

2.  s. T. i^utler, ^rcc. Hoy Soc. Lond. A2Q8. 559 (I95l) 

3 pnd frora ^nrn aTvnroxlnation.  Austorn e  conclusions are drrvn from en 

3. I . 3. Daitch rn-5 J. il. French, l'hys. Hev 82,  900 (1952) 

Integral equation for the vave function of the problem, In vhlch the C*reen's 

function la  ejq»ressed in momentum s^ace. We sh;>ll she that the inte/^TRl 

eouation cm be more readily interpreted if the Green's function ie vritten 

in coordinate si:acc, and that in Austern's equation (6) the term 

Sfft^   H^f *~ VnPUt  //>/   m?)ces °  Tnnl5hlrWT contribution to the 

scattering pr.plitude. This result "icdlfles his demonstration thnt the terms 

in V  ore cancelled when his x *8 replaced by 7? ri      . Our cm 'ioint of 

•lev on tho connection between the -Horn aprroxinntlon*' and Sutler's theory^ 

will be presented in another report, to v/hich the present rerort is nreliral- 

nary. 

We regard the initial nucleus ns afixed center of force of snln zero 

(as do 5nitch and French"), thereby obTiatinr: the need for internal nuclear 

coordinates. The Hamlltonlan is 



vhere T represents kinetic energy, V and V ere the Interactions of 

neutron arui proton respectively with the fixed center of force, and V  i» 

the neutron-proton interaction. The solution jT    obeys the integral 

equation 

(T„+TP+V„-E)& -I (a) 
I is the unit operator in the configuration space of neutron-proton coordi- 

nates and spin. G «8 the outgoing Green's function, given by 

z^ denotes spin coordinates, and / (7s)  are the complete set of eigen- 
K 

functions of the neutron in the field of the initial nucleus 

gp (E-/0  *S *no outgoing Green's function for the proton in free space 

(and spin), i.e. 

with Ip the unit operator in proton coordinate and spin space. 
slnce in momentum space the representation of g:   is proportional to 

p-fl   A/^.A|    — £ + A I » Stern's integral equation (6) is 

seen to he in our notation 

f- %-G(v„-V„,>)%-G;(vP+\/„P)<P (») 
where, as previously,      IQ represents a plane wave of free deuterons. 

The boundary conditions on the problem ere that the wave function is 

incident as a deuteron at infinity (far from the conter of force), but is 



otherwise everywhoro outgoing. Thus equations (2) and (3a) imply that 

IQ    is a combination of free s^nco pro*on functions and of neutron 

functions  7^ ( \) which pt  infinity looka like an incoming plane ware 

of free deuterona, hut in which the neutrons and protons propagate 

Independently of each other, since V  does not ap oar in equation (3a). 

Except for the incoming part r£>, %   must bo everywhere outgoing at 

Infinity. Equations (2) and (7) pre>rumably represent the same X * 

implying we should be able to rhov 

%-- %-£,(v»-vNP)% 
(8) 

Using 

and equation (3b) it is seen that 

afr^i/^-rf^fvUt]^ (10) 

Thus the right and left sides of equation (8) satisfy the same differential 

equation, equations (3a) and do), and  also satisfy the same boundary 

conditions, namely they are everywhere outgoing at infinity except for 

identical incoming terms <&    .  This is sufficient to prove that both 

sides of equation (8) represent the same function. Equation (8) can also 

be established directly from equation (9), rewritten in the form 

Since TQ   and % have identical incoming terms, equation (ll) using 

equation (3) is equivalent to the integral equation 

t^   % + 6(VN-V»)% da) 



which is equation (8). The identity of equation (2) vith Austern** equation 

(6), our equation (7), has thereby been demonstrated. 

That in (d,p) reactions the tern G (V «. V ) nekes a vanishing con- 

tribution to the scattering onplltude now con ho seen on physical grounds, 

recalling the interpretatiou of. T£  •  Only continuum (positive X ) 

eigenfunction a cm come In from infinity. In order that the neutron be 

captured therefore, it is necessary that the proton remove the excess neu- 

tron energy. -But, as pointed previously, equation (3a) for 1$  contains 

no neutron-proton coupling term. Consequently '0   cannot yield neutron 

capture. 

This plausible argument is made rigorous as follows. The number of 

scattered protons which reach infinity with polarisation L     , while 

leaving the neutron in a bound state of energy Ac » total angular momen- 

tum J, and magnetic quantum number ffi, is determined from 

In (13) 7l  — X  ** *no I*0*00 *Pln function. Substituting equation 

(7) in equation (13), the term in   '0       vanishes expoaentially as^p"*"0^ 

since  ^1 ^\±) *• & bound state. The terms in G lead in the usual way, 

via equation (4) end the orthonormality of the set YH \ ^V • to tbe 

scattering amplitude Mn) of the protons along the direction n> A(n), the 

coefficient in (13) cf r~' exp (i k rp) ae"rp->ooalong"n, is 

A (ft)* A, (*?) + Ax (") (14) 



In equation (15) V , V , and V  operate to *;he» right, pnd summation orer 
N V NT •>*•£*• 

«p, e„ and integration over all rp. rN is implied, k = kn and jrr - E~Afi 

with M the mass of proton or neutron. The function i0 la 

tf"is the wave function of the deuteron in its ground state, with specif led 

(• 

nagnetlc quantum number.    In other words, letting r   - r- r, 

r$ **+y»*" ^^ - ° *v    (17) 
with C the energy of the deuteron in its ground state, and ~£AAA  = ti ~&» 

In equation (15a) v_ is Hermltlan, and does not involve rp or Sp» 

Hence, from equation (5), and using also equations (16) and (17) to eliminate 

T , equation (15a) becomes 
HP \ 

A, (ft)- B, (7f) - Bt fa)     ^ (I* 

(191)) 

We introduce r - rD - r. as a new independent variable, replacing r * in 
*    B P 

equations (19), ond observe that because j\, (X^)and w ar6 bound states, 

integration by parts, so as to cause t^ = — ZL AH and A. Ar to operate on 

the exponential functions, is ltgitimate. There result 

Equations (20) imply of course integration over all r end r_. Performing 

the indicated differentiation and recalling the definitions of K and k, we 

find that B,(n) = B^n). 

This completes the proof that A^ff) 6fOSV*  *»• portion of the 



scattering craplitucie resulting from tho term   (aVVtf"*Vjft)  'D /»*. «*4« * 'J is 

sero.    1'he scattering amplitude is given solely by     AC*wr Ha^tabUrb). 

It will be noted that in this demonstration there was no need to assume w 

sphericrlly symmetric, nor was V     assumed central or spin*independent. 

Replacing   "f1 by T0  la equation (15b) permits V^ to be replaced by 

Y    in that equation* since Aj(n), equation (15a), has been proved equal to 

zero.    This yields the starting rolnt of Daitch and French.      Judging by 

equation (2),  it is equally natural to regard   ro as the solution in the 

absence of scattering, suggesting that it might be more accurate to replace 

jT     1& equation (15b) by (Q .    However wo shall not pursue this point in 

this report. 



Physics £epOi«fc-u»ntt  University of Pittsburgh* 

lo    Introduction 

TM  theory of  (d8p)  crA  (dfii)  reactions  given by Butler- 

hE.8 beon the subject of a rAenbsr of theoretical papers«  "^ 

10     5.  T„   Butlei*,   Proc  Roy,  Soc.  Lond-   A 208.  559  (I95D 

2C     A«   8.   Pnhfa et ale-   Phil.  Hag.,  L£,  lj.05   (1952) 

J0     ?o   Bo   Daitch and Jo   Ac   French,   Phya..  Rev., jjj,   900   (1952) 

ii-o    R0 Huby,   Proc  Roy„  See, Lond, A 215,  385  (1902) 

5,    HE Austern,   Phys.  Rev. ££ 318,   (1953) 

60    P. Friedman and W.   Tobocman,  "An Approximate V.'ave 

Mechanical Dencription of Deuteron Stripping",  to be 

published* 

Butler*e  original deduction of  the angular distribution 

in stripping involved fitting together at the nuclear radiuc 

the solutions interior arid exterior to the nucleus    n  '^ 

fair to call complicated the procedure by which Butler 

obtained  ;Jne cross  section from liia aolution0    Succeeding 

theoretical studios have boen of  two kinda;     (a}  attempts 

*V/ork dor:e in part at the Sarah Mellon Scaife Radiation 

laboratory and assisted by th6  Joint Program of the Office 

of Navel   Research and the Atomic  Energy Conmlanion, 



r,     2     « 

to simplify and claiify hitler1o calculation of the cross 

section, but retaining hie basic idea of fitting together 

the ir. tori or and exterior solutions and  (b)  assuming 

the Born approximation matrix element for the reaction after 

which Butler's formula la obtained by more or less  direct 

integratlon,w»J    Since Butler's calculation does not seem 

equivalent to Born approxiaction it is somewhat surprising 

that Born approximation cives Butler's results,       Austern 

haa attempted to explain this agreement* 

In subsequent sections vre shall roderive  Butler's 

result by means of standard Green13 function techniques, 

thereby automatically and obviously satisfying the boundary 

conditions at infinity and at the nuclear radius.    To 

minimize formal complications we consider the following 

Idealization of the stripping problems    A deutron,  splnless, 

composed of spinleaa neutron and proton,  impinges on a 

fixed center of force which is  the Initial nucleus,^    At 

infinity the solution J   must be of the form 

$ = % r * a, 

where Vn is the incident plane wave of deuterons on the 

initial nucleus, and % is everywhere outgoing.  In the 

problem at hand this meanst  Let the energy have a positive 

Imaginary part;  then \is everywhere outgoing if it remains 

bounded as r• or rp or both approach infinity, Ue have 

been careful to obtain the cross section by a mathematical 
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procedure which corresponds evidently  tc   the experimental 

situation.     To amplify  this remark,   denote  the wave function 

of the  final nucleus  in a  (d,p)  reaction,   in which the 

neutron is captured into a bound state,  byfax-jj) ,     Then 

the probability of finding the proton at r'p, with the 

neutron bound in its final state,  is (Jc/^^W^ffy'p)/ 

The experiment measures  the flux at infinity of protons 

whose energy corresponds  to leaving the neutron in state 

® (f^), which flux per unit solid angle la   f^/ff)/nfv/ 

where  the scattering  amplitude A(n)  in the direotlon n 

is given by 

and rjj approaches Infinity along n. 

We always employ the definition eq. (2) of A(n) to 

evaluate the cross section. 

Using eq. (2) in the integral equation for the problem 

leads In a very straightforward way to the Born approximation 

matrix element, for which no satisfactory justification 

has been given previously.  In so doing we illuminate the 

reason for the agreement between the two seemingly different 

methods (a) and (b) above.  Our integral equation is the 

same as that obtained by AusternS, but his not using the 

definition (2) far the scattering amplitude caused him to 

overlook the iaot that not all the terms in his equation 

yield protons at infinity. In (d,p) reactions. This 

statement will be further amplified below. Finally we 

append some discussion concerning the sucoess of the theory. 



II„  ^iie Icte^rul Equation 

1/e fix our attention on (d,p)  reactions,  i.e.  we seek 

outfoinr protons whose enor^y corresponds to leaving the 

nev.tron bound to the center of force.    The Hamiltonian Is 

HzT„ + TP + v' + ^+ V,/> (3) 

where T represents kinetio energy,  VN and Vp are the Interaction 

of neutron and proton respectively with the fixed center of 
7 

force, and VNp is the neutron proton interaction' 

7* The discussion and notation of this section parallels that 

In E, Oerjuoy "Integral Equation for Stripping", University 

of Pittsburgh Precision Scattering Project Report #3« 

The solution satisfies 

withy of the form eqe (1) and 

%-e     ' v;/ urf5-«5) (5) 

uT is  the ground state of the deuteron ., \jl satisfies 

(V ~r+^rB)%-* (6) 

Using an obvious symbolic notation, the solution 

satisfies the integral equation 



wher& 

Tho solution to e<;«   (7)  sutiofies  the boundary conditions 

at -til© nuclear radius,  and satisfies the boundary condition 
9 

at Infinity if 3 is the outgoing Green*s functi>m, uhieh   is 

C©     It is apparent that Jf  o^,   (3.0),  satisfies «. q.   (9) and 

is outgoing in the protaiic,   in the sens© uhioh las been 

explained In  the previous ocstlonc     It is possible  to prove 

that 3 is also outline in the neutrons,   despite the fact 

that It sea:-*1!  to contain,   i.^rou^h $(rj),  both JU coriinrr and 

outfrolnr spherical waves In r^o    It must be pros'.ted that 

so: is   lathematical questions concornlnr the prooJ  are not 

altogether settled^  but its essential correctne e eeeiia 

estobliohedo    The proof is contained in a report in 

preparation by De Frlodnou and ^0  Gnrjuoy,,  on to cubjeot 

of nany particle scatter!*-;' ^Tobi©pio0    Related , roll©s 

are discussed'in Ba VVIGG an arid Ji*  Gerjuoy;,   Sese'areh 

report $ CX«»lj., and In'..Harry '-">    oses, Kesearsh  report 

fc?G£*& both issued by lieu aork University, -»£<}hIn&ton 

'iuuro Collere of Artn and- clone© iiatisepiatics Kesearoh 

h) 

u< i 
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In eq. (10) the sum over ^ includes an integration in the 

continuum ^^0. tp&)   are the complete set of elgenfunctiona 

of the neutrons in the field of the initial nucleus 

(ID 

g(B-/() ia the outgoing free apace Green*s funotion for 

the proton9, i.e. 

Cr,-E+A)j<M* ?$-$') {lz) 

In eq. (13) U  ia the mass of proton or neutron and 

when E is Imaginary. ^ (JE<~\   } 6 

9. In order that eqa. (10) and (12) yield a convergent 

reault in eq. (7), Coulomb forces muat be neglected or replaced 

by screened fields, we are also ignoring some formal diffi- 

culties connected with the fact that Vjjp ia a function of 

rp - r^ only, and does not approach zero along all radii of 

an infinite sphere in the six dimensional r^j, ?p space. 

Eqa. (1) and (7) imply that the ailierence between ^ and 01 

la everywhere outgoing. Rewriting eq. (6) aa 

(Vi-£+^-E)fc-ft-V(W& 
(1«) 
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It xollo»8   that 7 

C(\f   -1/    \tli (15) J4= ifc^fk-Wft 

so  that eq.   (7)   becomes 

$-. fy - Cr(VH- VNP)% - <T(VP+ KP) $ (16, 

Eq. (16) la identical with Aus tern's integral equation5* 

Since Vr^p does not appear in eq. (8), \p   may be said 

to represent a combination of free space proton functions 

and of neutron functions tpffy ^) , which at infinity looks 

like an incoming plane wave of free deuterons, but in which 

the neutrons anJ protons propagate independently of each 

other.  In order that a neutron be captured it is necessary 

that the proton remove the excess neutron energy.  But 

eq« (8) contains no neutron-proton coupling.  Consequently 

it is to be expected that (1/   makes a vanishing contribution 

to the scattering amplitude„ In (d,p) reactions„ 

This plausible argument can be made rigorous. 

Substitute eq. (16) in eq, (2).  Using eq. (5) it is seen 

that the term in (p j) vanishes exponentially as rp-r«o» since 

both $ and«r*aro bound states*  The terms in G aimpllfy with 

the aid of eq. (10) and tho orthonormality of the setm(i\<, 

Letting rpfj there, results 



8 

Mn)=A,(?t)-t A2($) 
* 

'17) 

8) 

In eq3. (13) and (19) ^\f Is tbo energy of the neutron In 

Its final bound state, k = kn, and 

where, referring to eq. (5)t. is the energy of the deuteron 

in its ground state. 

It can be shown that" 

A,(n) --0 (21) 

The demonstration is trivial, involves merely elimination 

of VNp and VN by aqs. (6) and (11) followed by an Integration 

by parts..  Eq. (21) remains valid when the particles are not 

assumed spinless, and when is not spherically symmetric, 

i.e. when Vyp is non-central and spin-dependent? 

Eq. (21) means that, as asserted previously,^- ty ~G(\b-\Lp)ty 

makes no contribution to tho scattering amplitude. In Born 

approximation wo replace *£  by 7D in eq. (19).  In this 

approximation, by virtue of eq. (18), we may replace Vgp 

fcy V'N, without additional error.  This yields the starting 

point 2,  for the Born approximation deductions of the (d,p) 

angular distribution.  Our derivation may be compared with 



V 

Auotam •    It will bo noted that the  vallO ur,a*»J of the 

i)orn approximation nntrln cloront do.-snds on the plausible 

but not obvious cirou :s tuncc  that *p  ^akos r.n contribution 

to tit© scattering amplitude. 

Ill dutler»e  theory 

^q«   (16)  remains  val.lc  ..hatover the foraa  of Vr,,  V.. 

and Vrtf subject to tho i^cxaark In footnote 9»     i"he speoial 

assumptions made by Butlor* .-my,  for (d,p) reactions, be 

eumorlcd as follows!^ (a) ""p - 0;   (b) within the 

nucleus, rv<a» neglect Vj-p in tho rchroedin^er equation tor $ j 

(c) exterior to the nucleuss rrj > a,  assume VK • 0;     (d) for 

rjj>a ^is of the forra evio   (1) where jf Is corapored of free 

particles only, i>e»$satisfies, uhen p  > a 

(rA^r^-£.)f-o (22) 

'Jo shall sec  that asounptione  (o) and (d)  arc not 

eullvoly consistent.    Aseun^tlons  (a),   (b) and (o)   wan the 

Schroodinror equation for tho problem is 
i 

<Q<o,     (T„+i:t^-E)£--0 ,23., 

£qs« (23a} and (23') may bo expressed in tho fomt valid for 

an ffa. rp 



•..here u© hat--. Introduced fcho jrojo^fclcn operator P. 

p>=°,   fv<* P>^" 6   &>* C25) 

nis integral equation OiUlvolent to eq.   (2ij)   ie 

lT« J% + <^> ^ - Kw-JjF = * ' 6- /i. & 'I (26) 

rlnco V^ « 0 for r.j > a.    ^a in the preceding section eq.   (26) 

loads to the scattering amplitude 

Zn Born approxiraationjfie replaced by   <JJ   In eq»   (27). 

Clnoo the rifht side of oq0   (24) can bo Interpreted as a 

soureo term.  Born approximation in the theory of thir. section, 

l«e«  Bom approximation in eq»   (24), anounts  to ne~lectin/* 

as a source of scattered proton waves at infinity the term 

V,]pJ   exterior to the nucleus*      Out this is exactly the 

approximation whi 1* ie  iviilicd by eq,   (22)^ in ;;hi«h Vjflpx 

1c nc.loctod for r > a#    v noe^uently that Dutlor^s solution* 

is oviT-ivalont to  the  Torii a _,2oxl iatlon theory of t'xi:- section 

ic no longer eur* rieinr>    In fact oq.   (22)  implies,  using 

eqo.   (1)  and  (6)? 

£>*,     (VVE)fr(Vf^:.^^ (28) 

Eq<>   (28) may be    evritten as 

&>*.  (TJ + ^t^-Ejjp«>Cf(JF-(4)s^f      (29) 
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..,»   (2>)   is  not identical  ..Ifih 04.   (23b). 

It ban been 04s*   (23a)  mwl  (28) whose solutions hare 

beon fitted at the nueloar jwidiufl/^*  not e^s.   (23a)   and 

(23b).    ^ocalllnn V   • 0 Tor r,?a, eqe.   (23a) and (20) 

are equivalent to 

Eq« (30) ia on *nhomo-enoon ? differential equation, not an 

Integral equation, whose r-olutlor., satiafyinp the boundary 

conditions,  is 

¥*%-*?&* (3D 

-'••-• (3lJ is presumably the oalutlon which is obtained by 

fittin;   the exterior and interior solution? at the nuclear 

radius.    Comparing oqs.   (26),   (27), and (3D*  It ie at once 

seen that the scattering ux\,lltude in ttutlor's theory is the 

ea..o  as 2am approximation In eq«   (27), namely 
ov 

AM* -£#*fee-uV*iU)U    <*> 
Born approximation in eq« (19) reducos of course to oq, (32) 

if the additional assumptions involvod in obtaining eq. (27) 

oro tnoludM* in eq, (19 )f na soly, Vp • 0 and V  nerlooted 

for r < a. 
II 
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XV    -valuation of f cab tori..;, /ctplitudo* 

iiq»   (32) must be intonated over tho por^Loo T^>A0 

and oannot be roplaoed by on inte/rul  aver all rpaee, even 

thourti we seeilnrly derivod eq.   (32)  by norleotins V      for 

r  < R»    Vj.p was neglected for rN<a in eq*   (23a) only, 

which conblned with eq»   (20) led without further approbation 

to eq*   (32)*    In eq.   (')  for V^j> no such assumption about 

V. p ie  nude.     Including in oq«   (32)   the region r»-<a 

would amount to fiolnr bac!   to the Bom approximation of 

seotion II,  but with V    • 0, 

<m  a consequence,   it ic r.ot legitimate,  in eq*   (32.) 9 

to replace V^p by V ,  sinco this substitution is justified 

only by eqs.   (18) and (21)  in which the  Integrals are 

extended over all space*    vhat eq*   (32.) Involves V     rather 
UP 

than V.j is desirable* as it oracles us  to avoid suoh 

difficulties as those of Doitch and Frenoh^ who obtain the 

angular distribution by nc loctinr the contribution from 

rjj<a to the overlap intoTQI between  f*(*w»Xi) and & 

spherical  Dossal function*    because   ^(r.,,^) is a bound 

state, ttetreaeinp exponentially for r   > a,   It Is hard 

tc Justify their approximation* 

"..'• proceed now to evaluate A(n) from eq.   (32).  to satisfy 

vurcolvos that it leads without further assumptions to Butler's 

an ulur distribution*     fho ovaluation is straightforward and 

doubtlecs can bo done in a nuzabor of ways,    i.'e have found It 

convenient to introduce in oq*  (32) replacing rj the new 

variable r * rp»rI]t and to make use of eq*   (5) and the fact 

\ 



ti :• '   ••'.,   ":•   'i tvrjr. - .'.'•'-  zy v as';.}-.       l).r 

>*. 

Xn i,hc Integral over r In «••;•   (33) uno 

to cll.iinato V.jp,  inte~rato by port?,,   Justified beoaua«uTis a 

bound ntate,  and enploy e<i.   (20),  obtaining 

jdh^fa A fa~£(WjJ4c.r^-1) (35) 

PPOO ocio  (11) for r^a, i.hore VK » 0, 

(36) 

Honoo,  usin/r Oreen'o the ore *. ir   the lnttirral over P.,,  expanding 

diri;'(£-k)  ln spherical !iar on.'.cs with K-k aa the £.clur axis, 

and trr.l ting    ?-fy%) ffifyjft), °^8-   <33)  -  (36)  ir^ly 

/M-^'^ UrW*"i}   (3?> 

,M 
-4o   (37)  la  valid for UPO,  with    ^  ($/&}     quantised along 

H»k„     The integral vanishes fo.-» the other values  of the 

magnetic liuantura number*,    £$•   (37) yiolds i.<utlor,o an-ular 

dlotribution,   OJ\ has  been parevi ously^ pointed outo 



V, Succes3 of tho Thosry 

It appears ostabiishad that Butler'3 thaory accounts 

for the observed angular distributions in (d,p) reaCoic~=-, 

Tho r>ucces3 of the thoary remains surprising, In view of the 

relatively low energy deuterons which have been used in the 

experiments.  We buve seen that Butlor's assumption (d), 

section III, Is equivalent to neglecting ae a source of proton 

waves the term Vup*f.  extorior to the nucleus, and that this 

neglect is identical with Born approximation.  It Is well 

known that Born approximation is often much better than 

expected; the theory of angular distributions in (d,p) 

reactions aeuxnu to be another such case, and we offer no 

explanation. 

Assumption (b), section III, led to eq. (32) being 

integrated over rjj > a rather than over all space, as In 

eq. (19).  In a sense neglect of Vr;p for rjq < a 

oan be thought of as an Impulse approximation, i. e. the 

neutron-proton forces do not have time to act in the Interval 

tnat the deuteron overlaps the nusleus.  But this interpre- 

tation is hard to Justify, since V^p is not smaller than 

Vft, and since the deuterons are slow.- In any event it is 

diificult to se6 why neglect of V:,p for ru <a should lead 

to a better result than Including it.  Integrating over all 

rjj in oq. (32) permits Vjjp to be replaced by V^, as we have 

seen, and leads to a modified angular distribution^ which, 

however, is generally not very Jifferent from Butler*a 

original form.  It is aoubtiul that the available data are 

accurate enough to choose between the two possibilities: 



integrating over rjj > a t»na integrating over r.il I*JJ«,  /'ivh 

better data on selected nuclei In which the differences between 

the two forms are emphasized, together arith comparisons 

of absolute cross sections with the theory, a decision 

between the two alternatives may be feasible. 

An alternative means (to that in section III) of 

converting the Schroedinger equation of the problem to an 

inhomogeneoua differential equation is to replace the 

assumptions (a) - (d) of section III by:  (a^ V> " 0; (o*) 

assume Vg = 0 for ru > a;  (c») for ru^t <£ a»tlsfles 

£<«.        (TM*Trt\C-E)$«-V,& <38» 
•VIth these assumptions Vjjp is nowhere neglected. 

If <p  n is replaced by <£ on the right side of eq. (38) we obtain 

the presumably correct eq. (4), with of course Vp s 0.  Thus 

eq. (38) amounts to neglecting V(j J as a source term, in the 

region rjj< a. 

•Vithout going into as many details as previously, 

assumptions (af) - (c*) imply the solution (£ is 

uhero G^ is the outgoing Green's function satisfying 

fa * % T \fo - E)Gj = 1 (40) 

To determine the scattering amplitude in closed form we 

must express G^ in terms of G, eq. (9), enabling us to employ 

the orthonormallty of the set.<p(/J.  From eq. (40) the intogral 
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iq -f.tion for G^ la 

G, = &+ &%- K,)&, (41) 

Substituting oq. (41) In eq. (39) the scattering amplitude 

A(n) is seen to be 

! 

(42) 

j 
Eq. (42) can be approximated by ignoring the term in 

Gl VN V X* ~  ^D " J » e# c# ^39^» whlcD •anishes in Born approx- 

imation $ = (p £>• In first approximation therefore A(n) of 

eq. (42) is identical with the Born approximation to eq. (19) 

with Vp = 0.  Other equally reasonable ways of estimating eq. 

(42) lead to the seme conclusion. 

The above discussion demonstrates that a variety of 

different approaches can lead to angular distributions 

resembling Butler's.  This helps to make understandable the 

success of his theory in accounting for obersved angular 

distributions•» As a corollary, the success or Butler's theory 

with presently available data does not strongly support his 

particular model. 



A/e consider the physics of the (d,p) reaction still somewhat 

obscure, and until this is better elucidated we see no good 

reason why Butler's original formula eq. (32) should be 

superior to say Born approximation in eq. (19) or to eq. (42) 

Including the second correction term. 

ue  add that it seems possible to carry through the 

calculations of this paper including spin and without making 

the approximation that the nucleus ie a center of force. By 

this means we would arrive at the selection rules*, but would 

not otherwise add enough to the simpler theory we have 

presented to warrant the extra formal eompMoationa.  The 

chief desideratum of a more careful discus.;ion would be to 

arrive at an Improved estimate of the magnitude of the 

cross section, 1,2,4,6 but this we are not yet prepared to do. 
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